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Abstract 
Traditional breeding has strong limitations, e.g. merely relying on a broad genetic pool and is 
a time-intensive and complex process until a new variety is generated. Advanced breeding 
strategies and adaption of new techniques become more important to meet the demands of 
modern agriculture. Site-specific nucleases are promising new tools to enable targeted 
modification of genomes, which are under normal circumstances not possible, e.g. by using 
undirected mutagenesis with numerous off-target mutations. CRISPR/Cas9 is the most 
promising system for targeted mutagenesis in the plant genome. This technology enables the 
induction of small InDels to cause gene disruption through non-homologous end joining 
(NHEJ) or in an advanced state the insertion of a repair template for homology-directed repair 
(HDR). For crops like Brassica napus that have a relatively narrow gene pool, this tool offers 
great opportunities to generate new genetic variance without negative side effects generated 
for example by undirected random mutagenesis. Of great interest is the application of this 
tool for resistance breeding via knockout of susceptibility factors to interrupt infection 
processes leading to the resistance of crops towards a certain pathogen. The soilborne semi 
biotrophic fungus Verticillium longisporum is one of the major fungal pathogens in Brassica 
napus and causes Verticillium stem striping with the progression of the disease leading to 
premature ripening. This disease can lead to severe yield losses and countermeasures are 
mainly relying on decreasing the spore concentration in the soil. Genetic resistance resources 
are very limited and no true resistance has been discovered so far. A method to increase the 
resistance of a crop towards a certain pathogen is the knockout of plant factors that are not 
related to the immune system but are required by the pathogen to colonize the host 
successfully. These so-called susceptibility factors can be disrupted to increase the host's 
resistance against the pathogen. Genes that were identified by a comparative transcriptomic 
approach (SSH library) of non-infected and infected B. napus plants with V. longisporum (Vl43) 
and could potentially act as susceptibility factors were first tested in Arabidopsis thaliana 
knockout mutants. Further experiments to undermine their putative role in the infection 
process were conducted with OSR mutants of respective genes originating from a TILLING 
population. To finally validate the role of the candidate genes as a susceptibility factor in this 
pathosystem and to establish an efficient way to generate durable resistance the genome-
editing tool CRISPR/Cas9 was utilized. In this study, we adapted several vector systems 
containing different nucleases and promoters for Brassica napus. The expression of our self-
developed, codon-optimized vector system was successfully validated on the transcriptional 
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and translational level with RT-PCR and Western blot using a polyclonal Cas9 antibody. Protein 
extracts from transgenic plants carrying the expression cassette were tested positive 
regarding the Cas9 protein. The potential translocation of the Cas9 protein to the nucleus 
could be observed by agroinfiltration of Nicotiana benthamiana leaves with our Cas9 fused C-
terminally to GFP. The Cas9 function itself was validated in the hairy roots of Brassica napus. 
This transformation system was further utilized to serve as an efficient in vivo test system to 
verify sgRNA functionality, which allowed us to obtain results in as fast as three weeks after 
transformation. To advance genome editing approaches and enable HDR two strategies were 
developed to overcome the bottleneck of insufficient repair templates after the occurrence 
of a DSB. The first strategy involved multiple copies of the donor DNA on the T-DNA which 
hypothetically should be cut out by the Cas9-sgRNA complex. The construct was successfully 
generated, but no HDR events were detectable in A. thaliana with this approach. The second 
strategy aimed at utilizing viral replicons to overcome the bottleneck of sufficient repair 
templates to trigger HDR. The disarmed genome of the Bean Yellow Dwarf Virus was combined 
with our expression cassette to enable efficient use in Brassica napus hairy roots for the first 
time and was able to induce DSBs in the genome. Unfortunately, we could not detect positive 
HDR events with the system either and this method has to be further refined for the use in 
Brassica napus. For the NHEJ bases approach 22 independent transgenic events for CRT1a and 
40 for HVA22c were generated by Saaten-Union Biotec and characterized. From these, four 
knockout genotypes for the genes BnCRT1a and BnHVA22c were selected by dCAPS screening 
as well as single allele sequencing under the selection premise of high mutation rate. For the 
functional investigation, the knockout plants were infected with V. longisporum under 
greenhouse conditions in which wild type plants cv. Mozart served as a control. Although the 
fungus was able to infect all tested plants successfully, a significant reduction in disease 
severity (AUDPC values) and symptom development, as well as less stunted growth, could be 
observed in all tested knockout genotypes of both genes compared to the wild type. A linear 
model with a significant correlation of AUDPC values and stunted growth could be derived 
which supported the data set regarding a significant reduction of disease severity. To further 
verify the disease rating data, fungal DNA was quantified by qPCR in petioles of infected plants. 
Less fungal DNA was detectable in the knockout mutants of both genes compared to the wild 
type, further supporting a crucial role of BnCRT1a and BnHVA22c in the plant-fungus 
interaction and demonstrate that knockout/mutation of the gene interrupted the fungal 
infection process, consequently leading to less susceptible plants to the fungal infection. 
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Furthermore, molecular analysis of CRT1a mutants revealed no substantial changes in diverse 
signalling pathways at transcriptional levels as compared with the wild type but with the 
exception for an elevated level of ETR2 expression, which is in consent with the finding in A. 
thaliana CRT1a KO mutants. These mutations might imply a fundamental change in the plant 
physiology and defence status, allowing the plants to react faster to a V. longisporum 
infection. Further molecular characterization is needed to shed light on the resistance 
mechanism underlying the loss-of-function mutants of both genes.   
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Introduction 
Brassica napus  
Brassica napus or commonly referred to as oilseed rape (OSR) is among soybean and 
sunflower one of the world’s most cultivated oilseed crop for vegetable and industrial oil 
production with 70.91 tons in 2018/2019 worldwide (USDA, 2019). Winter and spring varieties 
of OSR are both cultivated in Europe. The advantage of OSR is its survivability at low 
temperatures with reasonable humidity, and therefore it can be grown in temperate zones in 
contrast to soybean and sunflower. OSR was not of agricultural interest until the breeding of 
the so-called ‘00’ lines with low erucic acid (<2% in the oil) and glucosinolate (<30 µmol/g in 
the meal) content in the 1970s (Shahidi, 1990). Without the high content of erucic acid and 
glucosinolates, OSR became a valuable source for edible vegetable oil, for human nutrition 
and animal feed containing high amounts of protein. The industrial uses are the production of 
specialised lubricants and renewable fuels, whereas the last product becomes more and more 
relevant for reducing CO2 emissions through sustainable fuel production.  
Brassica napus (AACC, 2n=4×=38) is a relatively new allopolyploid crop originating from 
multiple independent inter-specific hybridisations between Brassica rapa (AA, 2n=2×=20) and 
Brassica oleracea (CC, 2n=2×=18) (Prakash and Hinata, 1980; Gupta and Pratap, 2007). The 
parental species for the ancestral forms of Brassica oleracea are located around the 
Mediterranean Sea and the Middle East for Brassica rapa (Song et al., 1988; Warwick & Black 
1993; Gomez-Campo, 1999). As a consequence, wild genotypes and relatives are rare and the 
genetic pool is very limited. Besides, the selection for double zero lines as the primary 
breeding criterion is another factor, which narrowed the genetic pool. Ultimately, this led to 
several problems like inferior seed germination (Hatzig et al., 2018) or reduced pathogen 
resistance (Zhao & Meng, 2003) increasing the lack of genetic resources for resistance 
breeding.  
Modern agricultural systems are following crop rotations with no or little variation and the 
overall expanding cultivation of OSR is beneficial for pathogens to spread, posing a serious 
threat to farmers (Coninck et al., 2015). The most economically important fungal pathogens 
of OSR are Blackleg (Leptosphaeria maculans; Zhou et al., 1999), Clubroot (Plasmodiophora 
brassicae; Hwang et al., 2012), Downy Mildew (Hyaloperonospora parasitica; Koch and 
Slusarenko, 1990), Sclerotinia Stem Rot (Sclerotinia sclerotiorum; del Río et al., 2007) and 
Verticillium wilt (Verticillium longisporum; Depotter et al., 2016). 
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Verticillium longisporum 
Verticillium longisporum is a hemibiotrophic, soil-borne fungal pathogen and belongs to the 
family Plectosphaerellaceae (Zare et al., 2007), the subclass Hypocreomycetidae of the class 
Sordariomycetes in the phylum of Ascomycota (Zhang et al., 2006). In the past, Verticillium 
wilt of Brassica napus was assumed to be caused by a strain of Verticillium dahliae which was 
first reported from wilted horseradish (Stark, 1961). It was elevated to the species rank after 
a detailed evaluation of its pathogenic level and other parameters as well as the fact that this 
species specifically colonises Brassicaceae (Karapapa et al., 1997). 
Verticillium stem striping is a monocyclic disease which means only one cycle of the disease 
with a dormant, parasitic, saprophytic phase and inoculum production occurs during a season 
(Klosterman et al., 2009) (Fig. 1). Microsclerotia are fungal resting structures and consist of 
melanised aggregates of enlarged hyphal cells. They germinate in the presence of root 
exudates and hyphae that grow out of germinating microsclerotia in the soil are following a 
nutrient gradient to reach the roots of potential host plants (Schreiber and Green, 1963; 
Huisman, 1982; Olsson and Nordbring-Hertz, 1985). 
 
Figure 1: Disease cycle of Verticillium longisporum infecting Brassica napus (Depotter et al., 2016). 
Microsclerotia persist in the soil and are responsible and start a new disease cycle (1). Root exudates 
trigger the germination of microsclerotia and hyphae grow towards the plant (2). The plant is infected 
through wounds or penetration of epidermal cells of lateral roots. Inside the host, the hyphae grow 
intercellularly towards the central cylinder to enter the xylem (3). No symptoms can be observed during 
most parts of cultivation (4). At the end of the growing season, dark unilateral striping develops on the 
stem and black microsclerotia are formed in the stem cortex (5). Through decomposition of plant 
residues, microsclerotia are released into the soil (6). 
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In their parasitic phase, the fungus can directly penetrate the epidermal cells of the root or 
colonise the plant through natural openings, e.g. wounds to infect the host. Once inside the 
plant, fungal hyphae grow intra- and intercellular through the root cortex to reach the xylem 
vessels (Eynck et al., 2007). The vascular system is then colonised by the fungus and the host 
further infected via spore release (Presley et al., 1966). The spores or conidia are transported 
upwards with the transpiration stream in upper parts of the plant and germinate, forming 
germ tubes that penetrate adjacent vessel elements starting a new infection cycle (Garas et 
al., 1986). Near the end of the disease cycle and beginning senescence of the host, the fungus 
enters a saprophytic phase in which microsclerotia are formed in the dying stem parenchyma 
to start a new disease cycle (Neumann and Dobinson, 2003). 
Symptoms developing during colonisation of the host plant by the fungus do not include 
wilting in Brassica napus but in contrast a premature ripening and chlorosis. That makes it 
difficult to distinguish between senescence and actual disease symptoms. Yield losses caused 
by Verticillium stem striping are considered to be in the range of 10-50% under field 
conditions, but this has not been statistically verified (Dunker et al., 2008). Another critical 
point regarding the diagnosis of this disease is the extended latent phase of the fungus, 
making it extremely difficult to observe infected plants in the field (Eynck et al., 2007). This 
can lead to a more severe progression of the disease demanding for preventive measures. 
Plant-pathogen interaction 
a) Plant immune system  
Plants are exposed to numerous biotic stresses from bacterial, fungal or viral pathogens and 
developed an effective, innate immune system. This immune system detects potential 
pathogens and initiates, depending on the plant and pathogen interaction, different responses 
to the invading organism. The nonhost or basal resistance confers resistance against all 
pathotypes of a pathogen and in all varieties of a plant species (Heath, 2000). Although the 
nonhost resistance is more durable than the host resistance, it is challenging to implement it 
in resistance breeding due to the involvement of multiple pathways and networks (Gill et al., 
2015). During early phases of the pathogen infection, the basal defence is initiated through 
recognition of conserved microbial- or pathogen-associated molecular patterns (MAMPs or 
PAMPs) by plant extracellular pathogen recognition receptors (PRRs) (Zipfel, 2008; Dangl et 
al., 2013) and referred to as PAMP-triggered immunity (PTI). This PTI forms the first line of 
defence in the multi-layered plant immune system according to the zigzag model introduced 
by Jones and Dangl (2006). Pathogens can adapt to this first layer of the plant immune system 
through the evolvement and secretion of adapted effectors to avoid the recognition by the 
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plant PRRs (Zipfel, 2008; Dangl et al., 2013) and/or disrupt defence signalling. This promotes 
pathogen growth, virulence and leads to the effector-triggered susceptibility (ETS). The next 
layer of the plant immune system depends on a single or multiple resistance (R) genes. R 
proteins can recognise those adapted effectors or avirulence (Avr) proteins (Nimchuk et al., 
2003). These proteins mostly contain a nucleotide-binding site and leucine-rich repeats (NBS-
LRRs). Upon successful direct or indirect recognition of Avr proteins through R proteins the 
plant induces the effector-triggered immunity (ETI). Indirect interaction is referred to as 
monitoring effector targets through R proteins and their role as a “guard” protein (DeYoung 
and Innes, 2006).  The triggered defence is associated with a strong hypersensitive response 
(HR) and leads to local cell death through the generation of reactive oxygen species (ROS) to 
contain the pathogen. The host, as well as the pathogen, are under natural selection pressure 
to diversify effectors and R proteins, thus forming multi-layered effector-R gene interactions 
(Boller and He, 2009). These interactions are the molecular basis for the gene-for-gene 
resistance (Flor, 1971). 
The plant hormone signalling has evolved into a network in which several kinds of 
phytohormones act antagonistically or enhance one another to change or maintain different 
physiological states. The most common or relevant phytohormones are auxin (AUX), cytokinin 
(CK) and gibberellin (GA) which are related to growth and cell differentiation of plant tissue as 
well as salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) which are 
stress-related hormones (Shigenaga and Argueso, 2016). Plant immune responses can roughly 
be divided into SA or JA dependent while both hormones can trigger defence mechanisms in 
response to biotrophic and necrotrophic pathogens (Thomma et al., 1998; Spoel et al., 2007). 
Upon recognition by PRRs or R proteins, pathogens activate signal transduction into the 
nucleus that initiates one of two SA biosynthesis pathways (Asai et al., 2002; Wang et al., 2009; 
García et al., 2010). The first pathway is characterised by the activity of phenylalanine 
ammonia-lyase (PAL) that produces cinnamate, which serves as a substrate for SA synthesis. 
The second pathway relies on the synthesis of SA from chorismate which is catalysed by 
isochorismate synthase (ICS) and is strongly connected to pathogen-induced SA accumulation 
(Chen et al., 2009). Induced SA biosynthesis can be detected through the expression of marker 
genes involved in SA associated signalling like PR1 (Thomma et al., 1998). The JA depended 
defence is induced upon infection with a necrotrophic pathogen or wounding through 
herbivores (Koo and Howe, 2009). Accumulation of bioactive jasmonic acid-isoleucine (JA-Ile) 
triggers a signalling cascade that induces the degradation of JASMONATE-ZIM DOMAIN 
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PROTEIN (JAZ) which is dependent on CORONATINE INSENSITIVE 1 (COI1) (Thines et al., 2007). 
JAZ is a nuclear repressor of transcription factors (TF) regulating JA associated marker genes 
such as VEGETATIVE STORAGE PROTEIN 2 (VSP2) and PLANT DEFENSIN 1.2 (PDF1.2) 
(Fernández-Calvo et al., 2011). The phytohormones ET and ABA are involved in defence-
related signalling pathways as well but are reduced to fine-tune the crosstalk between SA, 
which is predominantly involved in defence against biotrophic pathogens, and JA dependent 
responses, which are related to necrotrophic pathogens (Kusajima et al.,2010; Broekgaarden 
et al., 2015). 
Endogenous noncoding small RNAs (sRNAs) are involved in multiple biological processes. One 
of them is the modulation of defence responses and plant immunity through post-
transcriptional gene silencing (PTGS). sRNAs are divided into micro RNAs (miRNA) and small 
interfering RNAs (siRNAs). miRNAs are endogenous 20-24 nucleotide small RNAs, involved in 
the post-transcriptional gene silencing (PTGS) (Iwakawa and Tomari, 2013). They are encoded 
on specific miRNA genes being transcribed by the RNA-Polymerase II (Xie et al., 2005) and 
form a double-stranded intermediate due to complementary base pairing after transcription. 
In the nucleus this primary miRNA is cleaved to a miRNA precursor and processed to small 
double-stranded miRNAs by multiple cooperating enzymes including DICER LIKE PROTEIN 1 
(DCL1), hyponastic leaves 1 (HYL1) and serrate (SE) (Achkar et al., 2016). The processed miRNA 
is exported to the cytoplasm and one strand is incorporated into ARGONAUTE 1 protein 
(AGO1) forming the RNA Induced Silencing Complex (RISC). miRNAs guide the RNA-induced 
silencing complex (RISC) through base pairing to a corresponding mRNA. This negatively 
regulates the expression of the gene by degrading the mRNA or translational repression. The 
Influence of endogenous miRNAs on the modulation of the plant immune responses was 
discovered as a significant and conserved mechanism in plant-pathogen interactions (Shen et 
al., 2014; Cao et al., 2016). An example of this interaction is the miR2118/482 superfamily 
which is conserved among different plant species and consisting of miR2118 (M. truncatula), 
miR482 (Solanaceae) as well as miR472 (A. thaliana) (Fei et al., 2013). Immune receptors were 
found to be targeted by those miRNAs resulting in constitutive repression of the receptors 
without an infection of the plant. Upon infection, the miRNA levels decreased resulting in an 
up-regulation of immune receptors to increase the reception rate of pathogens (Shivaprasad 
et al., 2012). However, this regulation network can be hijacked by pathogens to prevent 
recognition and compromise defence mechanisms. This cross-kingdom RNAi can occur in the 
opposite direction as well as enabling the plant to impede infection (Zhang et al., 2016; Cai et 
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al., 2018). In conclusion, this adds another layer to plant-pathogen interactions which has to 
be considered as a potential defence breeding target. 
b) Plant-Verticillium interactions  
The infection process and colonisation of the host through Verticillium can be divided into 
separate phases. In the initial or prepenetration phase, fungal spores germinate and try to 
penetrate epidermal root cells of the potential host.  In this phase, no defence mechanism 
was identified and the penetration phase may not play a role in resistance against Verticillium 
(Eynk et al., 2009a). Later stages of the infection are referred to as post penetration, 
prevascular and vascular stage (Talboys, 1964). The vascular phase seems to be a crucial stage 
to inhibit systemic fungal growth. Factors influencing resistance in this stage are most likely 
quantitative rather than qualitative resistance factors and a complete resistance is considered 
to be unlikely (Eynck et al., 2007; Beckman, 1987). Potential resistance to Verticillium is 
supposed to predominantly rely on physical restriction and chemical inhibition during the 
vascular stage due to its nature as wilt pathogen (Nicholson and Hammerschmidt, 1992). The 
phenylpropanoid pathway is likely to play an essential role in defence as increased content of 
phenolic compounds was measured in resistant genotypes of Brassica napus (Eynck et al., 
2009a). Those substances serve numerous essential biological functions during plant 
defences, such as antimicrobial activity and cell wall reinforcement (Tunçel and Nergiz, 1993). 
In early stages of the colonisation soluble and cell wall-bound phenolics impede the infection 
by the fungus whereas in later stages de novo formation of lignin and lignin-like polymers 
suppress the fungal pathogen (Eynck et al., 2009a).  
Comprehensive studies in the model plant Arabidopsis thaliana have been conducted to 
characterise this defence response in Brassicaceae. Metabolic changes during Verticillium 
longisporum infection were analysed to clarify the potential role of the phenylpropanoid 
pathway in plant defence against this pathogen (König et al., 2014). The disease caused the 
accumulation of soluble phenylpropanoids such as sinapoyl glucosides, coniferin, syringin and 
lignans. Several mutants in the phenylpropanoid pathway were tested regarding their 
resistance towards a Verticillium longisporum infection. The fah1-2 mutants, which lack the 
expression of sinapates, showed enhanced susceptibility compared to wild type plants 
suggesting that sinapoyl esters may play a role in the plant defence. Coniferin overexpressing 
line UGT72E2-OE showed fewer symptoms upon infection confirming its role in plant defence 
which was then further confirmed in in vitro experiments as well as the role of sinpoyl esters 
(König et al., 2014). It is suggested that secondary metabolites can interfere with the 
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colonisation of the host through Verticillium longisporum (Witzel et al., 2015). Infected 
tolerant Arabidopsis thaliana genotypes showed decreased levels of glucosinolates in leaves, 
but elevated levels in roots and simultaneously the number of breakdown products 
decreased. This suggests that tolerant genotype might be more effective in accumulating 
glucosinolates at infection sites and breakdown products of glucosinolates may interact with 
fungal targets such as glutathione or tubulin, inhibiting colonisation of the host (Witzel et al., 
2015). 
The influence and interaction of V. longisporum on the host hormone signalling pathways 
during infection and plant defence mechanisms are not fully understood. However, some 
approaches have been made to clarify the role of defence-related hormone response of fungal 
pathogens and V. longisporum. The purpose of Abscisic acid (ABA) in fungal infections is not 
fully explained. In A. thaliana, ABA levels increase after infection with V. longisporum in leaves 
and roots (Roos et al., 2014). Infection experiments with A. thaliana ABA knockout mutant 
nced3 showed an impeded colonisation leading to the suggestion that ABA is required for a 
successful infection. Infected roots of B. napus showed a decreased level of ABA which stands 
in contrast to the observations in A. thaliana leading to the conclusion that in this host a down-
regulation of ABA is required for successful infection (Behrens, 2018). Other studies showed 
that ABA concentrations in the xylem sap are not affected by V. longisporum infection which 
could indicate that downregulation of ABA is only required during the prevascular phase for 
successful infection (Ratzinger et al., 2009). 
Ethylene (ET) is a senescence-related hormone which counteracts to cytokinins and plays a 
role in the different stages of the infection. The ethylene production, as well as ET-dependent 
plant defences, are induced by V. longisporum in A. thaliana (Depotter et al., 2016). Early 
senescence of the host can provide access to nutrients for the fungal development and is 
triggered in A. thaliana through actively decreased cytokinin levels by V. longisporum 
(Reusche et al., 2013). Analysis of ET-insensitive A. thaliana mutants that are impaired in 
known pathogen response pathways but not in other ET-deficient mutants showed enhanced 
susceptibility against V. longisporum. This indicates the regulation of resistance against V. 
longisporum through an unknown ET- associated pathway (Johansson et al., 2006). 
Jasmonic acid (JA) and its marker genes VSP2 and PDF1.2 are upregulated in V. longisporum 
infected A. thaliana plants. But JA is not likely to play a role or contribute to resistance in A. 
thaliana against V. longisporum since mutants with impaired biosynthesis or signalling 
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pathways have the same resistance/susceptibility as WT plants (Johansson et al., 2006b; 
Ralhan et al., 2012). A loss of function in the hormone receptor CORONATINE INSENSITIVE1 
(COI1) conferred an improved resistance to the respective A. thaliana mutant plants. However, 
the JA-independent COI1 receptor is needed to fully colonise the host plant for successful 
infection (Ralhan et al., 2012). 
Salicylic acid (SA) or more precise its metabolites salicylic acid glucoside (SAG) are increased 
after infection with V. longisporum in A. thaliana and the SA-related marker genes PR1 and 
PR2 are up-regulated. A. thaliana SA pathway knockout lines (eds1-1, NahG, npr1-3, pad4-1 
and sid2-1) did not show a higher susceptibility to V. longisporum excluding SA from an active 
role in resistance in this system (Johansson et al., 2006; Ralhan et al., 2012). In B. napus SA is 
likely to be involved in susceptibility to V. longisporum relying on the correlation of 
concentrations of SA, SAG and disease severity as well as fungal DNA content in plant tissue 
(Ratzinger et al., 2009).  
On transcriptional level, miRNAs are most likely to play a crucial role in the plant-pathogen 
interaction of V. longisporum and B. napus and 62 OSR miRNAs were responsive to an infection 
either via modulation by the fungus or as plant response to infection (Shen et al., 2014). 
Fourteen genes were identified that were targeted by different miRNAs which are in involved 
in plant immunity. Two representatives of this set of miRNAs are miR168 and miR1885. 
miR168 targets AGO1 transcripts which is a key component of PTGS and is downregulated 
during infection. Further studies showed and proved a functional involvement of AGO1 in the 
V. longisporum and A. thaliana interaction (Shen et al., 2014). Several independent AGO1 
knockout mutants showed fewer symptoms upon V. longisporum infection whereas enhanced 
expression of AGO1 via suppression of miRNA168 led to increased susceptibility. This leads to 
the conclusion that AGO1 is hijacked by V. longisporum in early stages of the infection to 
establish a successful infection. miR1885 targets TNL immune receptor transcripts by binding 
to the TIR domain and was first reported in B. rapa to be induced by TuMV infection (He et al., 
2008). Its role during the infection process remains unclear (Shen et al., 2014). 
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Disease management  
The disease management resources to control Verticillium stem striping of Brassica napus are 
very limited to prevent and contain the fungal infection efficiently. Strategies aiming at 
reducing the potential infection rate by minimising the spore density in the soil are often too 
labour intensive or detrimental to non-target organisms under field conditions (Depotter et 
al., 2016). Crop rotation can be used as a possible way to decrease the microsclerotia density 
in the soil relying on the small host range of Verticillium longisporum. The beneficial effects of 
this strategy are very fragile because certain plants could act as reservoir plants allowing a 
continuous propagation of the fungus (Johansson et al., 2006). For Brassica napus, no long-
term crop rotation studies have been conducted to investigate the potential decrease of 
Verticillium longisporum microsclerotia density and effectiveness of this strategy (Depotter et 
al., 2016). Fungicide application to control this disease is not very practical due to the 
colonisation of the host through the vascular system. So-called biocontrol agents (BCAs) 
consisting of beneficial microorganisms that counteract to the pathogen could be a substitute 
for the lacking fungicide applicability. For example, the endophytic microorganism Vt305 
isolated from cauliflower showed BCA properties under controlled conditions and was able to 
impede Verticillium longisporum infection in cauliflower (Tyvaert et al., 2014). However, the 
mechanisms leading to a decrease in disease severity remain unclear and its potential under 
field conditions has to be further evaluated. 
Strategies relying on resistance breeding and resistant genotypes are the most favoured 
defence measures against Verticillium longisporum. There are two ways to describe a plant 
resistance on a genetic level. The first one is qualitative resistance or monogenic resistance 
that relies on single dominant genes referring to the gene-for-gene hypothesis (Flor, 1971). 
The interaction between the plant resistance locus and the corresponding pathogen 
virulence locus is either incompatible (resistant host) or compatible with a susceptible host 
(Kushalappa et al., 2016). The second one is the quantitative resistance or polygenic 
resistance that relies on multiple genes. Polygenic resistances are in most cases not as 
effective as monogenic resistances which confer an absolute resistance to the pathogen but 
are not as easily overcome by the pathogen due to the lesser selection pressure towards a 
virulent genotype of the pathogen. The lack of genetic resources in the relatively young 
species Brassica napus and the small genetic basis of current cultivars that dominantly 
originated from the double zero breeding program (Seyis et al., 2003) increase the 
challenges of resistance breeding. However, there are a few reports about the identification 
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of potential resistance genes against Verticillium longisporum such as Ve1 in Solanum 
lycopersicum (Kawchuck et al., 2001; Fradin et al., 2009) and EWR1 in Arabidopsis thaliana 
(Yadeta et al., 2014) both decreasing disease symptoms. Homologous genes in Brassica 
napus could have similar effects on the fungal infection process, but no studies have been 
conducted to validate this assumption. In addition to screening for potential resistance 
genes in model plants, studies to evaluate the plant performance of different infected 
genotypes of Brassica napus and its parental species B. rapa and B. oleracea have been 
conducted. Parameters such as fungal spread in the vascular system to the upper plant parts 
and the area under disease progress were evaluated for disease severity and thus a few 
genotypes of all three species were identified with partial resistance (Eynck et al., 2009a). 
This resistance was quantified by increased plant growth, less fungal biomass in upper plant 
parts and an increased amount of total phenolic compounds in roots and hypocotyls (Eynck 
et al., 2009a; Eynck et al., 2009b; Knüfer et al., 2017). So far there are only two studies that 
reported and could directly identify genes which are correlating with increased resistance 
against V. longisporum in B. napus. Five quantitative trait loci (QTL) could be identified 
through a QTL analysis of susceptible and resistant genotypes that significantly correlate 
with less susceptible genotypes (Rygulla et al., 2008; Obermeier et al., 2013). Three of the 
loci were located on the C genome of the partially resistant cultivar ‘Express 617’ 
representing a potential genetic resource for OSR resistance breeding (Obermeier et al., 
2013). The limited of genetic resources for resistance breeding in Brassica napus against 
Verticillium longisporum require additional and novel approaches for resistance breeding. 
One way of generating novel resistant genotypes with higher resistance is the knockout of 
susceptibility factors which are needed by the pathogen to successfully colonise the host 
causing recessive resistance. 
 
Recessive resistance  
Recessive resistance relies on the loss-of-function of genes which are involved in plant-
pathogen interactions. It is divided into negative defence regulators and susceptibility factors. 
Most studies focused on R genes as a source of resistance against pathogens, but the fast 
evolution of new pathotypes rapidly overcomes this kind of resistance.  In contrast, the 
knockout of specific genes involved in plant-pathogen interactions provides a more durable 
source of recessive resistance. PMR6 was a gene discovered promoting the growth of powdery 
mildew (Eckardt, 2002) and started research approaches for recessive resistances (Almeida 
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Engler et al., 2005). One of the first well-characterised examples for negative defence 
regulators are mutations in the Mildew Resistance Locus O (MLO) in barley (Büschges et al., 
1997). The transmembrane MLO proteins negatively regulate disease resistance linked to the 
PEN genes and prevent in its non-functional state an efficient resistance to powdery mildew 
(Hardham et al., 2013). Pathogen effectors target plant factors which are not directly related 
to the immune system but are required for successful colonisation of the host and are termed 
susceptibility factors. An example of such a susceptibility factor is the glossy11 mutant of Zea 
mays. In knockout genotypes, very long-chain aldehydes are depleted from surface waxes of 
leaves acting as insufficient substrates for the germination of spores from the barley powdery 
mildew (Blumeria graminis f. sp. hordei) preventing infection in very early stages of the 
pathogen’s lifecycle (Hansjakob et al., 2011). A recent example of susceptibility factors are the 
SWEET genes encoding putative sugar efflux transporters. SWEET genes have a broad 
spectrum of biological functions that include plant nectar production, seed and pollen 
development. Bacterial and fungal pathogens induce the expression of certain SWEET genes 
upon infection to exploit the plant and increase the nutritional gain (Chen et al., 2010) and 
preventing the induction by pathogens deploying genome editing successfully rendered rice 
more resistant to Xanthomonas spp. (Oliva et al., 2019).   
 
Genome-editing for resistance breeding 
a) Classical non-transgenic approaches 
The improvement of crops has ever since been the goal of breeding programs resulting in 
higher yields and/or tolerance against biotic as well as abiotic stresses. However, traditional 
methods like genetic recombination or undirected mutagenesis are very time and labour 
intensive. This restricts the improvement of important traits in crops to the degree that does 
not meet the demands of modern agriculture and farmers. Changing climates and more 
extreme weather conditions are challenges which require a faster adaptation of crops in 
addition to customer demands. There are several approaches to speed up the breeding 
process towards improved crop varieties and a non-transgenic one is marker-assisted 
selection (MAS) (Collard and Mackill, 2008). The principle behind this method is to increase 
the selection efficiency using the linkage disequilibrium (LD) between molecular markers and 
quantitative trait loci (QTL). After markers are validated, they represent the desired traits and 
no phenotypical selection in the breeding process is necessary anymore. Although the marker 
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technology has advanced polygenic and quantitative-based resistances, these are not entirely 
suitable for MAS. This method also depends on existing genetic resistance resources. 
Undirected mutagenesis has been a valuable tool to create new genetic variation through 
mutation of genes that serve as susceptibility/compatibility factors. Targeting Induced Local 
Lesions in Genomes (TILLING) is another non-transgenic approach to detect gene-specific 
point mutations in ethyl-methane sulfonate (EMS) mutant populations (McCallum et al., 
2000). Undirected mutagenesis makes it very difficult and labour intensive to obtain a 
complete knockout of potential susceptibility factor genes in complex crop genomes, but led 
for example to the KO of all six wheat MLO alleles thereby increasing resistance to powdery 
mildew (Acevedo-Garcia et al., 2017). An efficient generation of mutants relies on high 
throughput screening methods to analyse large mutant populations for the desired mutated 
locus or loci. For optimal results, it is recommended that only homozygous plants are used for 
screening because polymorphisms could be interpreted as potential point mutations. The 
sequence of the target gene is then amplified with sequence-specific Primer from pooled DNA 
samples and screened using denaturing HPLC (DHPLC) or digestion with CEL I endonuclease 
from celery (Oleykowski et al., 1998). Both screening methods detect heteroduplexes created 
by melting and annealing of heteroallelic DNA. The advantage of a CEL I digestion is the 
possibility to detect the location of the mismatch through denaturing gel electrophoresis, 
whereas DHLPC requires sequencing. Nonetheless, two major disadvantages are caused by 
the undirected nature of mutations. Mutations occur in the whole genome and are located in 
many gene loci leading to unpredictable effects on the physiology and habitus with the 
possibility to cover potential beneficial effects by the knockout of the target genes.  To obtain 
a “clean” genetic background without off-target mutations, expensive and time-consuming 
backcrossing is needed. Prerequisite for an increased resistance through a knockout is the 
mutation of all alleles of the target gene.  The undirected nature of mutations makes it difficult 
to achieve this and to prevent functional redundancy from intact alleles.   
b) Genome editing by CRISPR/Cas 
Genome editing overcomes the disadvantages or restrictions of natural recombination and 
undirected mutagenesis, allowing to edit the genome in ways that were not possible before. 
Technologies such as zinc finger nuclease (ZFN; Carroll, 2011) or transcription activator-like 
effector nuclease (TALEN; Mahfouz et al., 2011) were the first generation of genome editing 
tools. A general drawback regarding this first and second generation is high cost and 
complexity of the protein engineering required for their development and individual use. 
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Clustered regulatory interspaced palindromic repeats/CRISPR associated protein (CRISPR/Cas) 
is the latest tool for genome editing and is simple to use, versatile and cost-effective (Doudna 
and Charpentier, 2014). CRISPR/Cas was derived from the bacterial immune system 
(Barrangou et al., 2007) and adapted as a molecular biology tool with the addition of artificially 
generated single guide RNAs (sgRNAs) to target specific regions in the genome. Genomic DNA 
targets require a protospacer adjacent motif (PAM) and are specified through a 19-22-
nucleotide sequence which serves in its complementary form as a guide sequence (Jinek et 
al., 2013) (Fig.2). The PAM of wild type Cas9 derived from Streptococcus pyogenes (SPCas9) is 
5’-NGG-3’. The Cas9 protein associates with the sgRNA in the nucleus and is then able to 
recognise a target sequence complementary to the sgRNA sequence. After successful 
attachment by Watson-Crick base pairing the enzyme changes into its active conformation 
cutting both DNA strands three nucleotides upstream of the PAM, resulting in degradation of 
the DNA at the target locus. In eukaryotes, the occurrence of a double-strand break (DSB) 
induces host-mediated cellular repair pathways. DSB can either be repaired via the non-
homologous end joining (NHEJ) pathway or by the homology-directed repair (HDR) pathway 
(Symington and Gautier, 2011). NHEJ is an error-prone endogenous repair mechanism that 
frequently leads to insertions or deletions (InDels) in the DNA which causes frame-shifts or 
disruption of the target gene. HDR is an error-free endogenous repair mechanism which 
depends on the availability of repair templates and leads to recombination of the damaged 
locus with a template resulting in an error-free repair. Since the successful application of 
SpCas9 several modifications and different types of nucleases were added to the genome 
editing toolkit (Ahmad et al., 2018). One major reason was the restriction of targets to the 
occurrence of a certain PAM adjacent to them. A way to gain more flexibility in the selection 
for target was the adaption of different Cas nucleases from different bacteria which have 
varying PAMs and properties (Esvelt et al., 2013). Examples for SpCas9 orthologs are from 
Staphylococcus aureus (SaCas9) or Staphylococcus thermophilus (StCas9) which require the 
PAMs 5′-NNNNGATT-3′ and 5′-NNGGAA-3′. 
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Figure 2: The mechanism of genome editing using CRISPR/Cas9 (Agrotis and Kettler, 2015). 
 
In addition to these Cas9 orthologues other endonucleases like Cpf1, discovered in Prevotella 
and Francisella bacteria, were adapted for molecular biological use (Zetsche et al., 2015). In 
contrast to Cas9, this endonuclease has a thymidine-rich PAM site 5′-TTTN-3′ which broadens 
the number of potential targets even further and does not generate blunt-ended DSBs but 4-
5 nucleotide long sticky ends which is supposed to enhance the efficiency of HDR (Zetsche et 
al., 2015). Another approach to increase the targeting capacity was to engineer the SpCas9 to 
recognise several PAM sequences (Kleinstiver et al., 2015; Hu et al., 2018). The phage-assisted 
continuous evolution of SpCas9 generated an evolved PAM SpCas9 variant (xCas9) recognising 
a wide range of PAMs including NG, GAA, and GAT (Hu et al., 2018). Genome editing 
approaches with CRISPR/Cas relying on NHEJ has been successfully applied to disrupt 
susceptibility factors for improving resistance against pathogens in several crop species as well 
improving traits such as post-harvest life or parthenocarpy (Tab.1). For example, the 
CRISPR/Cas introduced disruption of the MLO allele in Solanum lycopersicum to confer 
increased resistance to powdery mildew (Nekrasov et al., 2017). 
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HDR-based genome editing  
Recent approaches to incorporate CRISPR/Cas9 into resistance breeding mainly rely on the 
disruption of susceptibility genes to increase the host resistance (Tab.1). However, these S 
genes are often involved in multiple pathways and their loss of function could lead to potential 
alteration of plant physiology. Pathogens alter their hosts' gene regulation with miRNAs to 
achieve a successful infection and colonisation (Fei et al., 2016). An HDR based approach can 
be used to mutate the miRNA binding sites that are targeted by the pathogen taking 
advantage of codon degeneracy which allows that the change does not affect the amino acid 
sequence leaving the target gene function intact. This loss-of-recognition between miRNA and 
target should lead to an interruption of cross-kingdom RNAi, thus representing a novel 
strategy to improve plant resistance via genome editing avoiding potential negative side 
effects. However, HDR in plants remains a challenge because NHEJ is the dominant pathway 
that repairs a DSB (Puchta, 2005). Another problem is the low transformation and 
regeneration efficiency of many crops, combined with low rates for successful HDR events 
(Altpeter et al., 2016) demanding for large scale experiments. One approach to enable HDR is 
to stably transform the CRISPR/Cas9 construct and the repair template simultaneously into 
the plant (Fauser et al., 2012). While active the endonuclease not only cuts the target locus 
but also excises repair templates that were integrated into the genome which are then 
available for HDR.   
Such an approach was successfully applied to A. thaliana and a site-specific insertion of a 
repair template was verified (Schiml et al., 2014). Usually, the bottleneck of HDR based 
approaches is the temporal and local availability of repair templates. This can be overcome by 
increasing the number of repair templates. In the past, plant viruses were used as simple but 
efficient vectors and have served multiple purposes, e.g. the production of proteins (Rybicki, 
2009). Autonomously replicating virus-based vectors can overcome the template bottleneck 
and enable an efficient HDR. 
Geminiviruses (family Geminiviridae) are a large family of viruses which have a broad host 
range and can infect multiple plants species including important crops like wheat or maize 
(Rey et al., 2012). The Bean yellow dwarf virus (BeYDV) is a member of this family and infects 
dicot plants. The genome of this virus (2.5-3.0 kb) contains a short intergenic region (SIR), long 
intergenic region (LIR) and four genes (Gutierrez, 1999). Those genes code for a movement 
protein (MP), capsid protein (CP) in sense direction and a replication initiator protein 
(Rep/RepA) in the antisense direction. The cis-elements that are required for replication of  
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the viral genome are located in the SIR, serving as an origin for C-strand synthesis and containing 
transcription termination and polyadenylation signals, and LIRs that contain a bi-directional 
promoter and a stem-loop structure essential for circularization in the hosts' nucleus. Once inside 
the nucleus of the host cell DNA polymerases are exploited to convert the single-stranded genome 
to a double-stranded intermediate. This intermediate serves as a template for rolling circle 
replication that is initiated by the replication initiator protein and transcription of the viral genes. 
After multiple replication cycles, single-stranded genomes are either converted back to double-
stranded genomes or encapsulated (Baltes et al., 2014).  
The viral genome of the BeYDV was disarmed by removing the movement and coat protein so it 
could serve as a repair template source (Fig. 3). The removal of those genes was carried out to 
prevent an encapsulation which would lead to a decrease of templates. It is also kind of a biological 
safety measurement to inhibit an uncontrolled spread of the modified viral genome (Baltes et al., 
2014). The sequence of those proteins can be replaced by the site-specific nuclease (SSN) TALEN 
or Cas9/sgRNA coding sequences together with the donor template. Embedded into a binary 
vector, the modified viral genome is delivered via Agrobacterium tumefaciens mediated 
transformation into the host cell where the viral genome begins its rolling circle replication and 
transcription of the SSN (Fig. 3). Such a disarmed genome was utilised in a study with Solanum 
lycopersicum for the insertion of a 35s promoter upstream of the native gene coding for 
anthocyanin synthesis to compare HDR frequencies of repair template delivery methods (Cermack 
et al., 2015). Up to 12-fold higher HDR rates could be achieved using the viral replicons as a 
template source compared to single repair templates introduced via T-DNA into the genome. The 
BeYDV was only applicable in dicot plants referring to its host range and recombinant viral 
replicons based on the Wheat dwarf virus (WDV). They were generated for HDR in monocot plants 
and successful HDR events could be produced in wheat, corn and rice (Gil-Humanes et al.,2017; 
Wang et al., 2017).  
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Figure 3: Viral replicons for gene targeting and disarmed viral vector system (Zaidi & Mansoor 2017). The disarmed 
virus genome without coat and movement protein replaced with Cas9, sgRNA and repair template are cloned in T-
DNA. Via Agrobacterium tumefaciens mediated transformation the genome is delivered to plants. Inside the plant cell 
nucleus, the single-stranded viral DNA is converted into the dsDNA replicative form and RNA is transcribed. The Cas9-
sgRNA complex binds to the target site where a double-strand break is induced. If homology-directed repair is 
triggered the donor DNA can serve as a repair template. 
 
Preworks in Arabidopsis and B. napus  
The basis for this current study was a comparative transcriptome analysis of V. longisporum 
infected B. napus plants and a non-infected control (Häder, 2013). Three potential candidate genes 
which showed altered regulation upon infection were tested in the model plant A. thaliana by 
deploying knockout mutants of those genes. The mutants were challenged with V. longisporum 
and compared to the WT. Genes which lead to less susceptibility in their disrupted state were 
chosen for further studies in B. napus (Hossain, 2017). A Brassica napus EMS mutant population 
was screened for mutations in the respective genes and first functional characterisations were 
conducted (Fig. 4). Mutant genotypes of B. napus showed less susceptibility against V. longisporum 
as well, supporting the potential role the candidate genes as susceptibility factors in OSR. However, 
one drawback of TILLING is that it induces many off-target mutations in the genome, which makes 
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it challenging to assign the increased resistance to a specific mutation and some plants carrying 
both a stop codon within the ORF showed different phenotypes. Thus, it is necessary to finally 
verify the role of the candidate susceptibility genes by applying CRISPR/Cas and thereby generate 
recessive resistance against V. longisporum. 
 
 
Figure 4: Comparative RNA sequencing approach for identification of susceptibility factors in the V. longisporum - B. 
napus interaction and confirmation through KO mutants of the model system A. thaliana and B. napus. 
 
Besides the KO of potential susceptibility genes, by NHEJ, also an HDR -mediated re-writing of 
miRNA binding sites in the host genome could result in increased resistance, assuming that 
pathogens deploy siRNAs to target host resistance factors, a phenomenon recently described as 
cross-kingdom RNAi (Wang et al., 2016; Cai et al., 2018). Potential miRNA target genes have been 
identified in transcriptome analysis experiments (Shen et al., 2014) and the generated data can 
serve now as a starting point to identify candidates for applying HDR in Brassica napus. 
That CRISPR/Cas generally works also in OSR has meanwhile reported in several publications, 
though all rely on NHEJ and none describes an HDR approach. The first successful alteration of the 
Brassica napus genome was conducted by targeting two ALCATRAZ (ALC) homoeologs (Braatz et 
al., 2017). Those genes are involved in valve margin development and contribute to seed 
shattering in mature seed pods. Disruption of gene functionality increased the shatter resistance 
to minimise seed loss during mechanical harvesting. 
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A more recent study also aimed at the modulation of shatter resistance as well, including the 
INDEHISCENT (IND) genes in addition to the ALC genes. Successful disruption of gene functionality 
for both genes could be achieved in several independent transgenic events and results indicated 
that IND genes play a more critical role in modulation of this trait than the ALC gene (Zhai et al., 
2019). Other recent approaches in genome editing of B. napus are mostly striving to improve 
important quality traits such as plant architecture for increased yield or oil composition to increase 
the economic value of this crop (Zhang et al., 2019; Zheng et al., 2019). Approaches directly aiming 
at an increased disease resistance are not in the main focus, but first attempts have been 
conducted to implement CRISPR/Cas into resistance breeding strategies for B. napus (Sun et al., 
2018).   
 
Aims of the thesis  
V. longisporum is one of the most important fungal pathogens of B. napus and poses an increasing 
threat to oilseed-rape production, worldwide. Due to the lack of genetic resources, and the 
limitations concerning the application of fungicides, resistance breeding of oilseed-rape remains a 
promising strategy for disease management. Recently, we identified two susceptibility genes 
(CRT1a and HVA22c) and several microRNAs in the oilseed rape genome which are involved in the 
oilseed rape-Verticillium interactions (Häder, 2013; Shen et al., 2014; Hossain, 2017). The current 
study aims to generate recessive resistance against the pathogenic fungus Verticillium longisporum 
in oilseed-rape (Brassica napus) utilising the genome editing tool CRISPR/Cas9 to knock-out the 
putative susceptibility factors CRT1a and HVA22c by NHEJ.  This is a common strategy for 
resistance breeding and should help to increase the resistance of oilseed rape against Verticillium. 
Additionally, an HDR based editing system should be developed for B. napus, which allows for an 
arbitrary modification of a miRNA target sequence without loss of the gene function. This approach 
will provide us with a unique tool to analyse miRNA functions and to interrupt the plant-pathogen 
interaction, e.g. by interference with the miRNA-mRNA recognition, consequently leading to an 
incompatible interaction between the plant and the fungus. The working hypothesis of this study 
is that we can utilise the genome editing tool CRISPR/Cas to knock out the susceptibility genes 
CRT1a and HVA22c in B. napus for verification of previous observations conferring less 
susceptibility to V. longisporum infection in A. thaliana and OSR. Furthermore, we want to 
demonstrate that also HDR is feasible in Brassica napus, so we developed an efficient and specific 
expression cassette vector, which can be easily modified according to the demands of the 
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particular editing experiment. The exchange and modification of the nuclease (Cpf1), as well as 
the use of single/multiple sgRNAs, is possible with this vector. The generated B. napus knockout 
mutants will be functionally characterized in order to verify the role of our candidate genes 
without disturbing background off-target mutations, which appeared in the TILLING approach. 
Finally, the resulting OSR mutants should show less susceptibility to V. longisporum. This material 
will enable us to elucidate this plant-pathogen interaction and also contribute to commercial 
resistance breeding.    
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Material 
Equipment 
Table 2: Equipment used in this thesis. 
Device Model Company 
Autoclave  VX-75  Systec GmbH  
Camera  D3000  Nikon GmbH  
Centrifuge  mini G  IKA®-Werke GmbH & CO. 
KG  
Centrifuge  5417 R  Eppendorf AG  
Centrifuge  Heraeus Multifuge X3R  Thermo Fisher Scientific  
Climate chamber  VB0714  Vötsch Industrietechnik 
GmbH  
Drying cabinet  VENTI-Line®  VWR International GmbH  
Electroporation Systems  Gene Pulser Xcell™  Bio-Rad Laboratories 
GmbH  
Freezer -80°C  HERAfreeze Basic  Thermo Fisher Scientific  
Gel documentation  Gel Doc™ XR+  Bio-Rad Laboratories 
GmbH  
Gel electrophoresis, 
chamber  
Wide Mini-Sub® Cell GT  Bio-Rad Laboratories 
GmbH  
Gel electrophoresis, 
chamber, vertical  
Mini-PROTEAN® Tetra Cell  Bio-Rad Laboratories 
GmbH  
Gel electrophoresis, power 
supply  
PowerPac™ Basic  Bio-Rad Laboratories 
GmbH  
Incubator  Excellent UFE 400-800  Memmert GmbH & Co. KG  
Incubator, shaking  CERTOMAT® IS  Sartorius Stedim Biotech 
GmbH  
Magnetic stirrer  Combimag REO  IKA® Works, Inc.  
Microscope  Stereo Discovery.V20  Carl Zeiss Microscopy 
GmbH  
Microscope  TCS SP1  Leica Biosystems Nussloch 
GmbH  
Microwave  hNN-E235M  Panasonic  
Orbital shaker  GFL 3005  GFL Gesellschaft für 
Labortechnik mbH  
PCR thermocycler  PCR Biometra TOne 96  Analytik Jena AG  
pH meter  inoLab pH 720  WTW GmbH  
Pipettes  2,5 μl, 20 μl, 200 μl, 1000 
μl, 5 ml Research/ Re-
search plus  
Eppendorf AG  
Realtime PCR System  CFX96 Touch™ Real-Time 
PCR Detection System  
Bio-Rad Laboratories 
GmbH  
Scale  ABJ  KERN & SOHN GmbH  
Shaker  Vibramax 100  Heidolph Instruments 
GmbH & Co.KG  
Shaker, overhead  Reax 2  Heidolph Instruments 
GmbH & Co.KG  
26 
 
 
Spectrophotometer  NanoVue Plus  GE Healthcare Life Science  
Spectrophotometer  UNIKOV 942  Kontron Instruments  
Vortex  MS 2  IKA®-Werke GmbH & CO. 
KG  
Water bath  Immersion Circulators 
Model 1112A  
VWR International GmbH  
Water bath, shaking  1083  GFL Gesellschaft für 
Labortechnik mbH  
Wet blot, transfer cell Mini Trans-Blot® Cell Bio-Rad Laboratories 
GmbH 
Workbench, sterile  HERAsafe™ KS 12  Thermo Fisher Scientific  
 
Chemicals 
Table 3: Chemicals used in this thesis. 
Chemical Article number Company 
Acrylamide  1610144  Bio-Rad Laboratories GmbH  
Acetic acid  3738.2  Carl Roth GmbH & Co. KG  
Agarose  840004  Biozym Scientific GmbH  
Agar-Agar  5210.4  Carl Roth GmbH & Co. KG  
Ammonium acetate  7869.2  Carl Roth GmbH & Co. KG  
Ampicillin  K029.4  Carl Roth GmbH & Co. KG  
APS  9592.2  Carl Roth GmbH & Co. KG  
Bacto-Agar  214010  OTTO NORDWALD GmbH  
β-Mercaptoethanol  4227.1  Carl Roth GmbH & Co. KG  
Cefotaxime C0111.0001 Duchefa Biochemie B.V 
Chloroform  3313.2  Carl Roth GmbH & Co. KG  
CTAB  9161.2  Carl Roth GmbH & Co. KG  
Czapek Dox Broth  C1714.1000  Duchefa Biochemie B.V  
D(+)-Sucrose  4321.2  Carl Roth GmbH & Co. KG  
Daishin Agar  D1004.1000  Duchefa Biochemie B.V  
DEPC  K028.1  Carl Roth GmbH & Co. KG  
DMSO  4720.2  Carl Roth GmbH & Co. KG  
DNA Gel Loading Dye (6X)  R0611  Thermo Fisher Scientific  
DNA oligonucleotides                           Eurofins Genomics  
dNTP Mix  R0181  Thermo Fisher Scientific  
EDTA  8043.2  Carl Roth GmbH & Co. KG  
Ethanol  1.00983.2511  Diagonal GmbH & Co. KG  
Ethidiumbromide  2218,2  Carl Roth GmbH & Co. KG  
GeneRuler 1kb Ladder  SM0311  Thermo Fisher Scientific  
GeneRuler 100bp Ladder  SM0242  Thermo Fisher Scientific  
Gentamycin  M3121.0001  Genaxxon bioscience GmbH  
Glycerol  4043.1  Carl Roth GmbH & Co. KG  
HCl hydrochloric acid  P074.2  Carl Roth GmbH & Co. KG  
HPLC water  A511.3  Carl Roth GmbH & Co. KG  
IPTG  2316.3  Carl Roth GmbH & Co. KG  
Isoamylalcohol  8930.1  Carl Roth GmbH & Co. KG  
Isopropanol  20842.330DB  VWR International GmbH  
Kanamycin  T832.3  Carl Roth GmbH & Co. KG  
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Lambda DNA  SD0011  Thermo Fisher Scientific  
Methanol  4627.5  Carl Roth GmbH & Co. KG  
MgCl2 magnesium 
chloride  
kk36.2  Carl Roth GmbH & Co. KG  
MgSO4 magnesium 
sulfate  
P027.3  Carl Roth GmbH & Co. KG  
MS basal salts incl. MES 
and Vitamins 
M0255.0050  Duchefa Biochemie B.V  
Potato-dextrose broth  CP74.2  Carl Roth GmbH & Co. KG  
Phenol  0038.3  Carl Roth GmbH & Co. KG  
Potassium acetate  T874.1  Carl Roth GmbH & Co. KG  
KOH potassium 
hydroxide  
6751.3  Carl Roth GmbH & Co. KG  
Na2HPO4 disodium 
phosphate  
X987.2  Carl Roth GmbH & Co. KG  
NaCl sodium chloride  3957.2  Carl Roth GmbH & Co. KG  
NaOH sodium hydroxide  6771.2  Carl Roth GmbH & Co. KG  
Rifampicin  R0146.0005  Duchefa Biochemie B.V  
Rotiphorese®-PAGE-
Matrixpuffer plus 
8996.1 Carl Roth GmbH & Co. KG 
Sodium acetate  6773.1  Carl Roth GmbH & Co. KG  
Sodium hypocloride  9062.4  Carl Roth GmbH & Co. KG  
SDS  4360.2  Carl Roth GmbH & Co. KG  
TEMED  2367.3  Carl Roth GmbH & Co. KG  
TRIS ultra pure  5429.3  Carl Roth GmbH & Co. KG  
TRIS/HCL  9090.3  Carl Roth GmbH & Co. KG  
TritonX-100  3051.3  Carl Roth GmbH & Co. KG  
Tryptone/Peptone  8952.3  Carl Roth GmbH & Co. KG  
Tween20  9127.1  Carl Roth GmbH & Co. KG  
VE water  3175.2  Carl Roth GmbH & Co. KG  
X-gal  2315.4  Carl Roth GmbH & Co. KG  
Yeast extract  A1552.1000  Diagonal GmbH & Co. KG  
 
Enzymes and Kits 
Table 4: Enzymes and kits used in this thesis. 
Enzyme / Kit Article number Company 
Alkaline Phosphatase EF0651  Thermo Fisher Scientific  
ApaI ER1411 Thermo Fisher Scientific 
BamHI ER0051 Thermo Fisher Scientific 
BclI ER0722 Thermo Fisher Scientific 
Bsp119I, Fast Digest  FD0124 Thermo Fisher Scientific 
Cas9 Nuclease, S. 
pyogenes 
M0386S New England Biolabs 
GmbH 
CsiI, Fast Digest FD2114 Thermo Fisher Scientific 
DNaseI I EN0521  Thermo Fisher Scientific  
Dream Taq Polymerase EP0704  Thermo Fisher Scientific  
Eco72I ER0361 Thermo Fisher Scientific 
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EcoRI  ER0271  Thermo Fisher Scientific  
EcoRV ER0301 Thermo Fisher Scientific 
Gateway™ BP Clonase™ II 
Enzyme mix 
11789100 Invitrogen AG 
Gateway™ LR Clonase™ II 
Enzyme mix 
11791100 Invitrogen AG 
GeneJET Plant RNA 
Purification Kit 
K0801 Thermo Fisher Scientific 
Guide-it Cas9 polyclonal 
antibody 
632607 Clontech Laboratories 
KpnI ER0522 Thermo Fisher Scientific 
Roche Lumi-LightPLUS 
Western Blotting Kit 
(Mouse/Rabbit) 
12015218001 Sigma-Aldrich  
MssI ER1342 Thermo Fisher Scientific 
NEBuilder® HiFi DNA 
Assembly Cloning Kit 
E5520S New England Biolabs 
GmbH 
NotI ER0592 Thermo Fischer Scientific 
Nucleo Spin Gel and PCR 
Clean-Up  
740609250  Machery und Nagel  
NucleoSpin® Plasmid 740588.250 Machery und Nagel  
PacI ER2201 Thermo Fischer Scientific 
PdmI, Fast Digest FD1534 Thermo Fischer Scientific 
Pfu Polymerase EP0571  Thermo Fischer Scientific  
Phusion High-Fidelity 
DNA Polymerase 
M0530S New England Biolabs 
GmbH 
Promega pGEM T-Vector A3600  Promega GmbH  
PstI ER0611 Thermo Fisher Scientific 
qPCRBIO SyGreen Mix 
Separate-ROX 
PB20.14-05 PCR Biosystems Ltd 
RevertAid First Strand 
cDNA Synthesis Kit  
K1622  Thermo Fisher Scientific  
RNase A  R500-250MG  Sigma-Aldrich  
SalI ER0641 Thermo Fisher Scientific 
SfaAI ER2091 Thermo Fisher Scientific 
T4 DNA Ligase M02025  New England Biolabs 
GmbH  
T7 Endonuclease I  M0302 New England Biolabs 
GmbH 
XhoI ER0695  Thermo Fisher Scientific  
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Laboratory consumables 
Table 5: Laboratory consumables used in this thesis. 
Laboratory consumable Article number Company 
1/2 Micro Cuvettes  1201  Ratiolab GmbH  
Electroporation Cuvettes 
(0.2 cm)  
1652086  Bio-Rad Laboratories GmbH  
Erlenmeyer flask (100/500 
ml)  
391-0260/391-0280  VWR International GmbH  
Fuchs-Rosenthal chamber  T731.1  Carl Roth GmbH & Co. KG  
Gaze Filter (mesh 200 μm)                              HYDRO-BIOS Apparatebau  
GmbH 
Glas bottles 
(100/250/500/1000 ml)  
X712.1/X713.1/X714.1/X71
5.1  
Carl Roth GmbH & Co. KG  
Hard-Shell® 96-Well PCR 
Plates  
HSP-9601  Bio-Rad Laboratories GmbH  
Microseal® 'B' PCR Plate 
Sealing Film  
MSB-1001  Bio-Rad Laboratories GmbH  
Parafilm  9170002  Erich Eydam KG  
Pasteur pipette  4522  Carl Roth GmbH & Co. KG  
PCR tube (200 μl)  4ti-0784  4titude® Ltd  
Petri dish (Ø120x120x16 
mm)  
09-231-0000  Nerbe Plus GmbH  
Petri dish (Ø92x16 mm)  09-031-0010  Nerbe Plus GmbH  
Pipette tips 1000 μl  07-122-0073  Nerbe Plus GmbH  
Pipette tips 20 μl  07-361-2005  Nerbe Plus GmbH  
Pipette tips 200 μl  07-122-0073  Nerbe Plus GmbH  
Pipette tips 5 ml  701183002  Sarstedt AG & Co. KG  
Plastic salad dishes  2007147  IGEFA Handelsgesellschaft 
GmbH & Co. KG  
Plastic tubes 0.5 ml  04-332-1051  Nerbe Plus GmbH  
Plastic tubes 1.5 ml  72.690.001 Sarstedt AG & Co. KG 
Plastic tubes 15 ml  62.554.502  Sarstedt AG & Co. KG  
Plastic tubes 2 ml  04-232-1200  Nerbe Plus GmbH  
Plastic tubes 5 ml  0030119380  Eppendorf AG  
Plastic tubes 50 ml  62.547.004  Sarstedt AG & Co. KG  
Sand  0-2 mm  Bauhaus AG  
Soil  ED73  Einheitserdewerk Uetersen  
Test tubes  9190021  Erich Eydam KG  
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Solutions, buffers and media 
Table 6: Solutions, buffers and media used in this thesis. 
Media Ingredients Application 
LB media 10g/l Tryptone 
10g/l NaCl 
5g/l Yeast extract 
15g/l Bacto Agar 
pH 7 
Cultivation of bacteria  
TSS media 10g/l Tryptone 
10g/l NaCl 
5g/l Yeast extract 
10% w/v polyethylene glycol 
5% v/v dimethyl sulfoxide 
50 mM Mg2 
pH 6.5 
Cultivation of bacteria 
Infiltration media  10mM MES 
10mM MgCl2 
0.15mM acetosyringone 
Transfection of N. 
benthamiana leaves 
Infiltration media  5% w/v sucrose  
110 µl/l Silwett 
Floral dip transformation A. 
thaliana  
Half MS MS incl. vitamins and MES 
10g/l sucrose 
8g/l agarose 
pH 5.8 
Cultivation of plant material 
in vitro  
CTAB isolation 
buffer 
120 mM Tris-HCl 
800 mM NaCl 
12mM EDTA 
2 % v/v CTAB 
DNA isolation 
Washing buffer 1 76% EtOH 
0.2 M Na-acetate 
DNA isolation 
Washing buffer 2 76% EtOH 
0.01 M NH4-acetate 
DNA isolation 
Protein extraction 
buffer 
25 mM Tris-HCl 
5 mM MgCl2 
1 mM CaCl2 
0.1 % (v/v) Triton x-100 
0.05 % (v/v) ß-
mercaptoethanol 
0.5 mM PMSF 
5 mM EDTA 
Total protein extraction 
Sample buffer  9.8 g/l Tris-HCl 
20% v/v glycerine 
40 g/l SDS 
10 ml/l mercaptoethanol 
0.1 g/l bromophenol blue 
SDS-PAGE 
Running buffer 3 g/l Tris ultra-pure 
14.4 g/l Glycin 
1 g/l SDS 
SDS-PAGE 
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pH 8.6 
Staining solution 2.5 g/l Coomassie Brilliant 
100 ml/l Glacial acetic acid 
900 ml/l MeOH: H2O (1: 1 
v/v) 
Coomassie staining 
Destaining solution 100 ml/l Glacial acetic acid 
900 ml/l MeOH: H2O (1: 1 
v/v) 
Coomassie staining 
Transfer buffer 25 mM Tris 
192 mM glycine 
20% (v/v) MeOH 
1% (w/v) SDS 
Western blot 
TBST 20 mM Tris  
150 mM NaCl 
0.1% Tween 20 
Adjust pH with HCl to pH 7.4–
7.6 
Western blot 
 
Software and databases 
Table 7: Software and databases used in this thesis. 
Software / Database Source / Company 
AxioVision rel. 4.8  Carl Zeiss Microscopy GmbH  
Brassica Database  http://brassicadb.org/brad/  
Brassica napus Genome Browser  http://www.genoscope.cns.fr/brassicanapus/  
CFX Maestro™ for CFX Real-Time PCR  Bio-Rad Laboratories GmbH  
Image Lab™ Software  Bio-Rad Laboratories GmbH  
LCS Lite (Leica Confocal Software)  Leica Biosystems Nussloch GmbH  
MEGA X https://www.megasoftware.net 
Microsoft® Office  Microsoft Corporation  
NCBI - BLASTn / Primer-BLAST / 
CDSEARCH  
https://blast.ncbi.nlm.nih.gov/Blast.cgi  
R  https://www.r-project.org/  
SnapGene Viewer https://www.snapgene.com 
TAIR  http://www.arabidopsis.org/  
Unipro UGENE  http://ugene.net/  
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Organisms 
Table 8: Organisms used in this thesis. 
Organism Genotype / Cultivar / Isolate Source 
Escherichia coli  DH5α  Lab stock  
Escherichia coli K12xB DB3.1 Lab stock 
Agrobacterium rhizogenes  AR15834 Lab stock 
Agrobacterium tumefaciens  GV3101  Lab stock  
Verticillium longisporum  Vl43  Dr. E. Diederichsen (FU 
Berlin, Germany)  
Brassica napus  Mozart  NPZ * 
Brassica napus  CRISPR CRT1a (cv. Mozart) SU Biotec ** 
Brassica napus  CRISPR HVA22c (cv. Mozart) SU Biotec ** 
Arabidopsis thaliana  Col-0 Lehle Seeds (Round Rock, 
USA) 
*Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Holtsee, Germany; ** Saaten-Union Biotec GmbH, 
Leopoldshöhe, Germany   
 
Oligonucleotides 
a) NHEJ cloning 
Table 9: Oligonucleotides for NHEJ cloning. 
Name Sequence (from 5’ to 3’) Application 
M13 fwd TGTAAAACGACGGCCAGT Amplification of MCS 
M13 rev CAGGAAACAGCTATGACC Amplification of MCS 
Ubi10 
NEB F 
gggacagtacctgcaACAGTACCTGCAGGCGACG Amplification of 
Ubiquitin promoter 
for NEBuilder  
Ubi10 
NEB R 
ccatacgcgtgcgatACGCGTGCGATCGCTGTT Amplification of 
Ubiquitin promoter 
for NEBuilder 
Ubi10 F ACTTTGCGTGTAAACAACGC Amplification of 
Ubiquitin promoter  
Ubi10 R ACGATCAAACCCAGAAAATCGTC Amplification of 
Ubiquitin promoter  
Cas9 GFP 
fwd 
ggggacaagtttgtacaaaaaagcaggctTAATGgataa
gaagtactct 
Cas9 GFP fusion  
Cas9 GFP 
rev 
ggggaccactttgtacaagaaagctgggtCcttcttctt
cttagcctg 
Cas9 GFP fusion  
sgRNA F1 
Li 
AGAAATCTCAAAATTCCG sgRNA amplification  
sgRNA F1 
Schiml  
CTTTTTTTCTTCTTCTTCGT sgRNA amplification  
sgRNA F2 
uni 
G + gRNA + GTTTTAGAGCTAGAAATAG sgRNA amplification  
sgRNA R1 
uni 
gRNA + CAATCACTACTTCG sgRNA amplification  
sgRNA R2 
uni 
TAATGCCAACTTTGTACAAG sgRNA amplification  
33 
 
 
 
crRNA F1 
Li 
AGAAATCTCAAAATTCCGGC crRNA amplification  
crRNA F2 gRNA + TTTTTTTCTAGACCCAGC crRNA amplification  
crRNA R1 gRNA + ATCTACACTTAGTAGAAATTC crRNA amplification  
crRNA R2 GCAAGCCCCGGGCCCTAATGC crRNA amplification  
sgRNA R1 
AtAgo10 
Schiml 
ccAcggtttctcctccggctacAATCACTACTTCG sgRNA amplification  
sgRNA F2 
AtAgo10 
Schiml 
gtagccggaggagaaaccgTggGTTTTAGAGCTAGAAAT
AG 
sgRNA amplification  
AtAgo10 
locus fwd 
AGCACCACAATCCAAAAACCG Target locus 
amplification  
AtAgo10 
locus rev 
CCTTGGTAGGCAAATCAGCG Target locus 
amplification  
crRNA F2 
StTXR1 
Schiml 
CCCAGGCATATCGCCAAGCTCTCTTTTTTTCTAGACCCA
GC 
crRNA amplification  
crRNA R1 
StTXR1 
Schiml 
GAGAGCTTGGCGATATGCCTGGGATCTACACTTAGTAGA
AATTC 
crRNA amplification  
StTXR1 
locus fwd 
CTGTGGTAATTGAACCTCAGACC Target locus 
amplification  
StTXR1 
locus rev 
CTTCAAGTGCATCAACTAATGGG Target locus 
amplification  
sgRNA R1 
BnCRT1a 
Schiml 
AACTTCATCTCTCTGATTCTCAATCACTACTTCG sgRNA amplification  
sgRNA F2 
BnCRT1a 
Schiml 
GAGAATCAGAGAGATGAAGTTGTTTTAGAGCTAGAAATA
G 
sgRNA amplification  
sgRNA R1 
BnHVA22c 
Schiml 
TTGGTTGCTCTCGTCTACCAATCACTACTTCG sgRNA amplification  
sgRNA F2 
BnHVA22c 
Schiml 
GGTAGACGAGAGCAACCAAGTTTTAGAGCTAGAAATAG sgRNA amplification  
sgRNA R1 
BnHVA22c
_2 Schiml 
CTTCGAACTCATTTTCTCCACAATCACTACTTCG sgRNA amplification  
sgRNA F2 
BnHVA22c
_2 Schiml 
GTGGAGAAAATGAGTTCGAAGGTTTTAGAGCTAGAAATA
G 
sgRNA amplification  
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b) HDR cloning 
Table 10: Oligonucleotides for HDR cloning 
Name Sequence (from 5’ to 3’) Application 
F BclI GCTATGATCAgttcccgagctgcatcaagc Repeat vector 
cloning  
R BamHI GAGCGGATCCGAGGTAGCTTGATGCAG Repeat vector 
cloning  
Vec/Re BclI 
Restorer F 
GAACTAGTTGATCAGTTCCCGAGC Repeat vector 
cloning  
Re/Vec BamHI 
R 
GCAGCCCGGGGGATCCGAGGTAGC Repeat vector 
cloning  
Circ Test  fwd GCTGGAGAAGAGCATGATAGTGG Circular test Primer 
for viral replicons 
Circ Test rev GCATCTTTAACCTTCTTGGGAAGG Circular test Primer 
for viral replicons 
AtAgo1 fwd TATGGCGATCGCGAAAGAGAAGAACGGATGCTCC Mutation AtAGO1 
locus for HDR 
Mutated Ago1 
rev 
CTAgtCgcCtgGtgTaATtcTggCacTGATTGTCTC
TGCGGTG 
Mutation AtAGO1 
locus for HDR 
Mutated Ago1 
fwd 
gtGccAgaATtAcaCcaGgcGacTAGTCACCTACTT
ATCAAGC 
Mutation AtAGO1 
locus for HDR 
AtAgo1 rev  TATCGCGATCGCcacaaaactcacATCATAATGGTG Mutation AtAGO1 
locus for HDR 
Bn_Ago1_fwd TATGGCGATCGCGAAGGAGGTGAAGGGTCTGG Mutation BnaAGO1 
locus for HDR 
Bn_Ago1_rev TATCGCGATCGCACTAACCTTTGTCCCCCAG Mutation BnaAGO1 
locus for HDR 
Bn_Ago1_mut_
fwd 
gtGccAgaATtAcaCcaGgcGacTATACCAACTTAT
CAAGCGG 
Mutation BnaAGO1 
locus for HDR 
Bn_Ago1_mut_
rev 
TAgtCgcCtgGtgTaATtcTggCacTGATTGTCTCT
GCGGCAG 
Mutation BnaAGO1 
locus for HDR 
sgRNA 
BnTao1_A_1 
fwd 
GGTTGACAACGAGATCAAGCGGTTTTAGAGCTAGAA
ATAG 
sgRNA amplification  
sgRNA 
BnTao1_A_1 
rev 
CGCTTGATCTCGTTGTCAACCAATCACTACTTCG sgRNA amplification  
sgRNA 
BnTao1_A_2 
fwd 
GTTGATCTCGTTGTCAACGAAGTTTTAGAGCTAGAA
ATAG 
sgRNA amplification  
sgRNA 
BnTao1_A_2 
rev 
TTCGTTGACAACGAGATCAACAATCACTACTTCG sgRNA amplification  
BnTao1 fwd ATGGCTTCTTCTTCATCTC Mutation BnTAO1 
locus for HDR 
Bn_Tao1_mut_
rev 
TATCCACAAACGGAATAATGCCCTTGCTTTTGAGCT
CTTTCAG 
Mutation BnTAO1 
locus for HDR 
Bn_Tao1_mut_
fwd 
GGCATTATTCCGTTTGTGGATAACGAGATCAAGCGA
GGCGAATC 
Mutation BnTAO1 
locus for HDR 
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BnTao1 rev  CACCAGCTTGAAGAAGCGTAG Mutation BnTAO1 
locus for HDR 
 
c) NHEJ genotyping  
Table 11: Oligonucleotides for NHEJ genotyping. 
Name Sequence (from 5’ to 3’) Application 
BnCRT1a 
locus fwd 
GGACAGAAATAGAAAATTGC Target locus amplification  
BnCRT1a 
locus rev 
GCAATCACAAACTACTATC Target locus amplification  
BnHVA22c 
locus fwd 
GAAACTGGAGCCTGGAGGG Target locus amplification  
BnHVA22c 
locus rev 
CTCAAATGCGTCAGTGCCG Target locus amplification  
   
dCaps 
BnCRT1a fwd 
GTTTCCAGCGATGGCGAAACTAAAGAACAAC dCaps analysis BnCRT1a  
dCaps 
BnCRT1a rev 
CCTCGAAGATAACACTAGC dCaps analysis BnCRT1a  
dCaps 
BnHVA22c 
fwd 
CTTGCTTTGCTTTTGCTTCTGCAGCCACCTG dCaps analysis BnHVA22c  
dCaps 
BnHVA22c 
rev 
GCTTTCACTGATGCATATC 
 
 
dCaps analysis BnHVA22c  
 
d) HDR genotyping  
Table 12: Oligonucleotides for NHEJ genotyping. 
Name Sequence (from 5’ to 3’) Application 
AtAgo1 wt fwd GTTCCCGAGCTGCATCAAGCTACC Screening for HDR events 
AtAgo1 mut 
fwd 
CTAgtCgcCtgGtgTaATtcTggCac Screening for HDR events 
AtAgo1 rev CACAGGGTTTGCCTCTATG Screening for HDR events 
BnAgo1 wt fwd gttCCCGAGCTGCATCAAGCTACC Screening for HDR events  
BnAgo1 mut 
fwd 
gtGccAgaATtAcaCcaGgcGacTA Screening for HDR events  
BnAgo1 rev CACGATCAGCATCAGATAAAGG Screening for HDR events  
BnTao1_A wt 
fwd 
GGAATCATACCTTTCGTTGACA Screening for HDR events  
BnTao1_A mut 
fwd 
GGCATTATTCCGTTTGTGGAT Screening for HDR events  
BnTao1_A rev CAAGATCTCAAGAGACTCATAGCAAGT Screening for HDR events  
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e) qPCR  
Table 13: Oligonucleotides for qPCR 
Name Sequence (from 5’ to 3’) Application 
Actin TCTACAACGAGCTCCGTGTTG Housekeeping gene 
Actin TGTGAGACACACCATCACCA Housekeeping gene 
CNX1 fwd    GATGAGGAAGATGGTATGTGGG Marker gene ER 
CNX1 rev   GGTCTGTCTAGCTCAAAGTAGTC Marker gene ER 
PP2A fwd CAATGACGATGACGATGAGGTG Housekeeping gene  
PP2A rev ATGCTCAACCAAGTCACTCTCC Housekeeping gene 
OLG 70 CAGCGAAACGCGATATGTAG VL DNA quantification 
OLG 71 GGCTTGTAGGGGGTTTAGA VL DNA quantification 
ACO1 fwd GAGAAGTTTTACCAGTCAGAGATGG Marker gene ET 
ACO1 rev GGGTATTTAGCCACTTTTGTCC Marker gene ET 
ETR2 fwd CACTGCCATTGCACCTAGCTCTT Marker gene ET 
ETR2 rev CAACTCCATTGATCCCAATCTGC Marker gene ET 
LOX3 fwd GTGAGGAACAAGAACAAGGAG Marker gene JA 
LOX3 rev CGTTTTTGGATCAAGTTCGGTG Marker gene JA 
PCDB3 fwd ACACCGTCAAGTCTCACTGCTC Marker gene ER 
PCDB3 rev TAGCTGGGATCAGAGGCTGAGA Marker gene ER 
PDF1.2 fwd cagctcacaagtgtatttgctac Marker gene JA 
PDF1.2 rev ttacacaaaactaaccaccaaagag Marker gene JA 
PDIL1-1 
fwd   
GACAGGGTCTTAGCTTCCTTCT Marker gene ER 
PDIL1-1 rev   GGATGATGATGAGAGGAACTTGG Marker gene ER 
PR1 fwd TCAGGTTGTTTGGAGAAAGTC Marker gene SA 
PR1 rev CATTAGTAAGGCTTCTCGTTCACA Marker gene SA 
WRKY70 
fwd 
GGGTAAAAGAGGATGCTAC Marker gene SA 
WRKY70 
rev 
CTTGCTTTGTTGCCTTGCAC Marker gene SA 
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Methods 
In silico sequence analysis  
All in silico analysis and sgRNA designs in this study are based on sequence data from the Tair10 
genome database for A. thaliana (Berardini et al., 2015) and the Darmor-bzh v4.1 database for B. 
napus (Chalhoub et al., 2014). Annotated genes were obtained from the respective database and 
the following genes served as a template for sgRNA design: AtAGO1 (AT1G48410), AtAGO10 
(AT5G43810), AtCRT1a (AT1G56340), AtHVA22c (AT1G69700). The homologous genes of AtAGO1, 
AtCRT1a, and AtHVA22c were identified in B. napus by blast analysis (Altschul et al., 1990) using 
the tblastx algorithm and used as a template for sgRNA design.  
Phylogenetic analysis 
A Neighbour-Joining phylogenetic tree based on amino acid sequences of CRT1a and HVA22c was 
created using MEGAX software (Kumar et al., 2018). The trees were calculated by applying 1000 
bootstraps with the following settings: Maximum Likelihood, Jones-Taylor-Thornton (JTT) model, 
Uniform Rates, Use all sites, Nearest-Neighbor-Interchange (NNI).  
sgRNA design 
sgRNA design was conducted using the web tool Cas-Designer (Bae et al., 2014, Park et al., 2015). 
The PAM type was adjusted to 5'-NGG-3' (spCas9) or 5'-TTTN-3' (AsCpf1/LbCpf1) depending on the 
nuclease and the target genome was set to the respective organism. The data output and potential 
guide sequences were selected with the criteria of one specific hit in the A. thaliana and two 
specific hits in the B. napus genome as well as no off-targets with three or more mismatches. 
Additional criteria were a localization within an exon close to the start of the gene, which was 
manually verified by alignment of the genomic and coding sequence of the respective gene.  
Vector systems for CRISPR/Cas9 
Two different vector systems were used in this study to induce mutations for the NHEJ based 
approach. The first vector (BS_01) contained a B. napus codon-optimized Cas9 with a C-terminal 
Mammalian Importin alpha type nucleus localization sequence (NLS) under the control of the 
CaMV 35S promoter as well as a sgRNA template driven by an AtU6 promoter within a multiple 
cloning site flanked by recombination sites for a gateway LR reaction in a pUC57 background. This 
expression cassette was synthesized by GeneCust (Boynes, France). The recombination sites allow 
a gateway LR reaction to clone the expression cassette into any binary vector, e.g. pGWB401 
(Nakagawa et al., 2007) (Fig. 5).  
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The second vector (BS_02), kindly provided by Prof. Dr. Ying Miao ( Fujian Agriculture and Forestry 
University, China), contained an A. thaliana codon-optimized Cas9 with a C- and N-terminal 
Mammalian Importin alpha type nucleus localization sequence (NLS) and flagellin tag under the 
control of the CaMV 35S promoter as well as a PmeI restriction enzyme site for blunt end sgRNA 
insertion in a pCAMBIA background. 
For the HDR based approach, the plasmid pLSLR (Baltes et al., 2014) was modified by inserting a 
sequence fragment amplified via PCR with M13 Primer from the binary vector pGWB401 
containing the M13fwd Primer sequence, attR, lacUV5 promoter, CmR coding sequence, ccdb 
coding sequence, attR2 and a Nos terminator into a Eco72I restriction enzyme site located on 
pLSLR. After this modification, this vector could be used in the same way as the binary plasmid 
pGWB401. 
Assembly of new sgRNAs 
New sgRNAs were assembled by overlapping PCR, according to Li et al. 2013. The PCR was 
conducted with Phusion Polymerase (NEB) and the reaction mixture was set up according to the 
manufacturer with 1 µl BS_01 (100 ng/µl) as template DNA and two Primer containing the guide 
sequence in sense and anti-sense direction. In the first round, the new guide sequence was 
introduced by Primer with overhangs containing the new guide sequence and corresponding 
reverse Primer in independent reactions. For the second PCR 2 µl of each reaction was used as 
template DNA and the Primer annealing at the start and end of the sgRNA sequence were used to 
amplify the complete sgRNA. The PCR rounds to obtain sgRNAs with custom guide sequences were 
conducted under the following conditions: 
Table 14: PCR program for sgRNA amplification 
Initial Denaturation 98°C 0:30 
30 cycles 98°C 
58°C 
72°C 
0:10 
0:20 
0:20 
Final Extension 72°C 5:00 
Hold 10°C ∞ 
 
The correct amplification of the custom guide sequence was checked by the length of the PCR 
product on a 1% agarose gel. Amplicons from the first PCR should have a length of 330 bp and 136 
bp from the second PCR. After the third PCR round, the assembled sgRNA should have a length of 
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466 bp. sgRNAs with correct length were cut out and cleaned up with the Nucleo Spin Gel and PCR 
Clean-Up kit (Machery & Nagel) and cloned into the respective plasmid for sequencing (IKMB, Kiel). 
 
Figure 5: Example for sgRNA assembly and cloning scheme for the NHEJ vector 
DNA modifications  
Digestion of DNA was performed according to the protocol of the respective restriction enzyme. 
The DNA was incubated with restriction enzymes in a suitable buffer at an optimal reaction 
temperature for the enzyme at least for two hours or overnight. For double digestions enzyme 
concentrations, buffer and reaction temperature were chosen according to the instruction from 
the manufacturer. Enzymes were heat-inactivated for 20 minutes at 80°C and the digested DNA 
was cleaned up with the Nucleo Spin Gel and PCR Clean-Up kit (Machery-Nagel) to remove salt 
contamination and potential intact enzymes.  
Ligation of DNA fragments (T4 DNA Ligase, New England Biolabs GmbH) and Gateway reactions 
(Gateway™ BP Clonase™ II Enzyme mix/ Gateway™ LR Clonase™ II Enzyme mix, Invitrogen AG) was 
performed according to the protocol of the manufacturer and respective enzyme. The mixture for 
both reactions was incubated at 16°C overnight and used for transformation. 
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Preparation of competent cells  
Chemically competent Escherichia coli cells of DH5α and K12xB DB3.1 strains were prepared 
according to Chung et al. (1989) for heat-shock transformation. The stock culture of those strains 
was streaked out on LB plates with an inoculating loop and kept at 37°C overnight in an incubator. 
Single colonies were picked and grown in liquid LB to an OD600 of 0.3-0.4 and pelleted by 
centrifugation at 1000g for 10 minutes at 4°C. After centrifugation, all further steps were 
conducted on ice to provide permanent cooling. The supernatant was discarded and the pellet was 
resuspended in ice-cold TSS at one-tenth of the original volume. Aliquots of 0.05 ml were frozen 
in liquid nitrogen and stored at -80°C until use. 
Electro competent Agrobacterium tumefaciens cells strain Gv3101 or Agrobacterium rhizogenes 
cells strain AR15834 were prepared according to McCormac et al. (1998). The stock culture of 
those strains was streaked out on LB plates with an inoculation loop and kept at 28°C for two days 
in an incubator. Single colonies were picked and grown in LB to an OD600 of 0.5 and pelleted by 
centrifugation at 3000 rpm for 5 minutes at 4°C. The supernatant was discarded and the pellet was 
washed three times in ice-cold 10% v/v glycerol. The final pellet was resuspended at one-tenth of 
the original volume in 10% v/v glycerol. Aliquots of 0.05 ml were frozen in liquid nitrogen and 
stored at -80°C until use. 
Transformation of bacteria 
Heat shock transformation of E. coli cells was conducted by thawing aliquots of chemically 
competent cells on ice and adding 1 µl of the plasmid (100 ng/µl), ligation or gateway reaction to 
the cells. After 20 minutes of incubation on ice, the mixture was heated to 42°C for 90 seconds in 
a water bath and placed back on ice. 1 ml liquid LB was added and the cells were incubated for 
one hour at 37°C on a rotary shaker with 180 rpm. After the incubation time, the cells were 
centrifuged for 5 minutes at 5000 rpm. The pellet was resuspended in 100 µl liquid LB and 50µl of 
the bacterial solution was streaked out on LB plates with respective antibiotics. The plates were 
incubated at 37°C overnight until colonies became visible. Single colonies of transformed cells 
were checked via colony PCR for clones carrying the recombinant plasmid. 
Electroporation of A. tumefaciens and A. rhizogenes was conducted by thawing aliquots of 
electrocompetent cells on ice and adding 1 µl of the plasmid (100 ng/µl). The mixture was pipetted 
into electroporation cuvettes (0.2 cm) and placed into the Gene Pulser Xcell (Bio-Rad). Depending 
on the bacteria, pre-set programs were used for electroporation and the cells were 
electroporated. 1 ml liquid LB was added after electroporation and the cells were incubated for 
two hours at 28°C on a rotary shaker with 180 rpm. After the incubation time, the cells were 
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centrifuged for 5 minutes at 5000 rpm. The pellet was resuspended in 100 µl LB and 50 µl of the 
bacterial solution was streaked out on LB plates with 50mg/ml rifampicin and respective antibiotic 
for plasmid selection. The plates were incubated at 28°C for two days until colonies became visible. 
Single colonies of transformed cells were checked via colony PCR for clones carrying the 
recombinant plasmid.  
Plasmid isolation 
Single colonies or stock culture was used to inoculate 10 ml of liquid LB with respective antibiotics. 
The inoculated liquid LB media was incubated overnight at 37°C for E. coli cells or two days at 28°C 
for A. tumefaciens / A. rhizogenes cells on a rotary shaker with 180 rpm. 1 ml of the saturated 
liquid culture was centrifuged for 1 minute at 10000g and the supernatant was discarded. The 
bacterial pellet was used for plasmid isolation with the NucleoSpin® Plasmid (NoLid) kit (Machery-
Nagel). 
Agroinfiltration of Nicotiana benthamiana and GFP assay 
Seeds of Nicotiana bethamiana were sown on soil (Einheitserde P, Einheitserdewerk Uetersen 
Werner Tantau GmbH und Co. KG) and grown under long-day conditions (16h light, 8h dark) until 
the 6-leaf stage with a weekly application of WUXAL (3 ml/l). Stock culture of A. tumefaciens strain 
Gv3101 carrying the desired plasmid and stock culture carrying a plasmid containing the P19 gene, 
for improved transient expression of the transfected construct, were streaked out on LB media 
plates with the respective antibiotics. The plates were kept for 1-2 days at 28°C in an incubator 
until single colonies were visible. Individual colonies were picked to inoculate liquid LB media 
containing the respective antibiotics and grown overnight at 28°C on a rotary shaker with 180 rpm. 
The cell suspension was centrifuged at 4500 rpm for 10 minutes and the supernatant was 
discarded. The pellet was washed 2 times with infiltration media to minimize antibiotic residues 
and resuspended in one-tenth of the original volume. The OD600 was adjusted to 1 and the 
suspension was incubated for 3 hours at room temperature. Equal volumes of suspension with 
bacteria carrying the plasmid of interest and the P19 gene were gently mixed in a 50ml falcon tube. 
The leaves were infiltrated with a 1ml syringe without a needle by pressing the suspension into 
the leaves from the abaxial side until a wet spot was visible. After 48 hours, infiltrated leaf 
segments were excised with a razor blade and investigated under the fluorescence microscope for 
GFP activity in the tissue.     
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Floral Dip Arabidopsis thaliana  
Seeds of Arabidopsis thaliana cv. Col-0 were sown on soil (Einheitserde P, Einheitserdewerk 
Uetersen Werner Tantau GmbH und Co. KG) and grown under short-day conditions (8h light, 16h 
dark) for 5-6 weeks with a weekly application of WUXAL (3 ml/l). After this growth period, the 
plants were transferred to long-day conditions to induce flowering. When a maximum of closed 
young flowers had formed, the plants were used for transformation. Stock culture of A. 
tumefaciens strain Gv3101 carrying the desired plasmid was streaked out on LB media plates 
containing the respective antibiotics. The plates were incubated for 1-2 days at 28°C in an 
incubator. Single colonies were picked to inoculate liquid LB media containing the respective 
antibiotics and grown overnight on a rotary shaker at 28°C with 180 rpm. The cell suspension was 
centrifuged at 4500 rpm for 10 minutes and the supernatant was discarded.  The pellet was 
washed two times with infiltration media to minimize antibiotic residues and resuspended in one-
tenth of the original volume. The OD600 was adjusted to 1 and the suspension was poured into a 
beaker. The flowerheads were dipped two times into the bacterial suspension and submerged for 
10 seconds under slight agitation. The excess suspension was removed by gently shaking the 
flowerheads on a paper towel. Inoculated plants were placed on trays, covered with a plastic lid 
and kept in darkness for two days. After the cocultivation period, plants were placed in the 
greenhouse under long-day conditions to set seeds with a weekly application of WUXAL (3 ml/l). 
Ripe yellow pods were harvested and the seeds were separated from the pods. Seeds were surface 
sterilized in 70% ethanol for 5 minutes, followed by incubation in 5% sodium hypochlorite solution 
with a drop of Tween 20 for 10 minutes. The seeds were washed three times with sterile water 
and kept under the clean bench to dry. Sterile seeds were sown on half MS media plates containing 
the respective antibiotic under short-day conditions to select positive transgenic events. After two 
weeks selection according to their resistance towards Kanamycin was carried out and plants were 
transferred to soil. Genomic DNA was isolated and transgene detection was conducted by PCR. 
Hairy roots transformation of Arabidopsis thaliana and Brassica napus 
Seeds of Arabidopsis thaliana cv. Col-0 or Brassica napus cv. Mozart were surface sterilized in 70% 
ethanol for 5 minutes, followed by incubation in 5% sodium hypochlorite solution with a drop of 
Tween 20 for 10 minutes. The seeds were washed three times with sterile water and kept under 
the clean bench to dry. Seeds were sown out on half MS media plates and kept under long-day 
conditions until the cotyledons were fully expanded. The stock culture of Agrobacterium 
rhizogenes strain AR15834 carrying the desired plasmid was streaked out on LB media plates 
containing 50 mg/ml rifampicin and the respective antibiotics for plasmid selection. The plates 
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were kept for 1-2 days at 28°C in an incubator. Single colonies were picked to inoculate liquid LB 
media containing the respective antibiotics and grown overnight on a rotary shaker at 28°C with 
180 rpm. The cell suspension was centrifuged at 4500 rpm for 10 minutes and the supernatant 
was discarded and LB media was added to resuspend the cells to an OD600 of 0.5. The roots of the 
seedlings were cut with a razor blade and discarded. For Brassica napus seedlings the cotyledons 
were removed. The explants were slightly dipped into the bacterial suspension with the cutting 
site and incubated for 1 minute. After the inoculation, explants were dried on a sterile paper towel 
to remove the excess bacterial suspension. Inoculated explants were placed on half MS plates and 
co-cultivated for two days under long-day conditions. After cocultivation, the explants were placed 
on half MS with 400 mg/l cefotaxime to remove bacteria and kept under long-day conditions. 
Roots formed after 1-2 weeks and were separated from the explant at about 2 cm length. 
Separated roots were placed on plates with half MS and 400 mg/l cefotaxime. Genomic DNA was 
isolated and a PCR with Primer annealing to the transformation vector was conducted with the 
isolated DNA. 
Origin of stable transgenic Solanum tuberosum events  
The stable transformation of Solanum tuberosum cv. Baltica and Granada was conducted by the 
company Solana GmbH & Co. KG (Hamburg, Germany). The binary plasmid with Cpf1 as nuclease 
and sgRNA targeting StTXR1 was sent to the company after verification through colony PCR and 
sequencing. Transgenic plants were generated and kept in vitro under short-day conditions.  
Total DNA isolation from plant tissue 
DNA from plant tissue was extracted using the CTAB method (Rogers and Bendich, 1985). An 
amount of 0.05 g of fresh plant tissue was frozen in liquid nitrogen and ground to a fine powder 
with mortar and pestle. For extraction 1.25 ml CTAB isolation buffer and 3 µl ß-mercaptoethanol 
were added to the powder and mixed thoroughly. Samples were incubated for 1 hour at 65°C in a 
water bath and cooled down on the ice after the incubation time. 2 µl of RNase A was added to 
the samples and incubated for 30 minutes at 37°C in a water bath. After the incubation time, 500 
µl chloroform/isoamyl alcohol (24:1) were added and the samples were gently mixed for 10 
minutes on an overhead shaker. Samples were centrifuged for 10 minutes at 14000 rpm and the 
supernatant was transferred into a new 2ml tube. To precipitate the DNA, 700 µl of ice-cold 
isopropanol was added and the samples were incubated for 30 minutes on ice. The mixture was 
centrifuged for 10 minutes at 14000 rpm to pellet the DNA. DNA pellets were washed with washing 
buffer 1 and 2 kept at room temperature for 5 minutes in each washing buffer. The supernatant 
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was discarded and the pellet dried to remove any traces of ethanol. DNA was eluted in 50-100 µl 
ddH2O and 2 µl with loading buffer were run on a 1% agarose to check the DNA quality and 
concentration. Isolated DNA was kept in a freezer at -20°C until use.  
dCAPS and RE-assay  
For each target locus, individual forward Primer were designed that introduce a restriction enzyme 
site in the PCR product of wild type locus and corresponding reverse Primer without any 
modification in sequence. The restriction enzyme that shared the most similarities in comparison 
to the wild type sequence was chosen and its recognition site implemented into the forward 
Primer. Restrictions in Primer design were a non-overlapping Primer at the Cas9 cutting site and a 
minimum forward Primer length of 30-40 bp as well as a maximum amplicon size of 100 bp. PCRs 
with Dream Taq Polymerase (Thermo Fisher Scientific) and reaction volume of 40µl were 
conducted to amplify the target loci:  
Table 15: PCR program for dCAPS assay 
Initial Denaturation 95°C 2:00 
32 cycles 95°C 
58°C 
72°C 
0:10 
0:20 
0:20 
Final Extension 72°C 5:00 
Hold 10°C ∞ 
 
10 µl of the PCR were mixed with 2 µl loading buffer and run on a 1% agarose to check for 
successful and correct amplification. For digestion of PCR fragments, 10 µl PCR samples were 
mixed with 17 µl ddH2O, 2 µl FastDigest Green Buffer (Thermo Fisher Scientific) and 1 µl FastDigest 
restriction enzyme (Thermo Fisher Scientific). The mixture was incubated for 1 hour at the optimal 
reaction temperature for the respective restriction enzyme. After the incubation time, the samples 
were loaded on a 2% agarose gel and run for 35 minutes at 120 V to evaluate the band pattern. 
Digested bands indicated that no mutations were present in the PCR products, whereas the 
undigested band indicated potential mutations.  
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Protein extraction from plant tissue  
For protein extraction, 0.1 g of fresh plant tissue was frozen in liquid nitrogen and ground to a fine 
powder with mortar and pestle. An amount of 500 µl protein extraction buffer was added and 
thoroughly mixed. The sample was incubated for 10 minutes on ice and centrifuged for 10 minutes 
at 10.000g. After centrifugation, the supernatant was transferred to a fresh tube and stored in a 
freezer at -20°C until use. 
SDS-PAGE 
Polyaramid gels were prepared with 4x Rotiphorese-PAGE Matrix buffer plus and 30% Acrylamide-
/Bisacrylamide solution. The separation gel solution was prepared according to the instructions of 
the manufacturer, with a total acrylamide concentration of 12 %. The gel solution was poured into 
the chamber leaving 2 cm of space at the top of the gel tray and isopropanol was carefully added 
to remove bubbles and prevent the gel from drying. After the separation gel polymerized, the 
stacking gel solution was prepared according to the instructions of the manufacturer, with a total 
acrylamide concentration of 5 %. The isopropanol was removed and the stacking gel solution was 
poured into the gel tray until it was filled. Depending on the number of samples, a 10 or 15-well 
comb was placed into the chamber.  
Protein samples were mixed in a ratio of 1:1 with sample buffer and heated to 100°C for 5 minutes 
in a water bath. The gel was placed in a Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, running 
buffer was poured in the cell and the combs removed. PageRuler™ Prestained Protein Ladder and 
samples were carefully loaded in the wells. The gels were run at 100 V until the blue dye line run 
out of the gel chamber. After the run stacking gels were removed and separation gels were used 
for Coomassie staining and/or Western blot.  
Coomassie staining  
For Coomassie staining, the separation gels were placed in staining solution and incubated under 
slow agitation for one hour. The staining solution was removed by washing the gel in ddH2O. 
Unbound Coomassie was removed by incubation in the destaining solution overnight under slow 
agitation. 
Western Blot with polyclonal Cas9 antibody 
Gels were blotted via wet blot in a Mini-PROTEAN® Tetra Vertical Electrophoresis Cell on a 
polyvinylidene difluoride (PVDF) membrane. Two pieces of Whatman filter paper (1mm) and the 
membrane were cut to the size of the gel. The membrane was activated by 100% MeOH, washed 
two times with ddH2O and kept in ddH2O until use. All components were soaked in transfer buffer 
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for about 15 minutes and the gel sandwich was layered in the following order: fibre pad, filter 
paper, gel, membrane, filter paper and fibre pad.  The gel sandwich was placed into the blot cell 
and the cell was filled with transfer buffer. Proteins were blotted onto the membrane by applying 
a current of 10 V/0.1 A and running it overnight at 4°C. After blotting the membrane was washed 
three times with TBST and incubated for 2 hours in blocking solution (TBST and milk powder). Half 
of the blocking solution was used for hybridization with the primary Guide-it Cas9 polyclonal 
antibody from rabbit (Clontech/TaKaRa). The membrane was placed into a plastic bag with a 
blocking solution containing the primary antibody and the bag was sealed for incubation of 1 hour 
on an overhead shaker with slow agitation. To remove unbound primary antibodies, the 
membrane was washed four times with TBST. The Lumi-LightPLUS Western Blotting Kit 
(Mouse/Rabbit) was used for secondary antibody hybridization. The secondary antibody was 
added to the other half of the blocking solution and the membrane was incubated in the solution 
the same way as before. After the incubation time, the membrane was washed four times with 
TBST and gently dried on a paper towel.  Substrates for fluorescence activity were added onto the 
membrane and incubated for 5 minutes. Excess substrate solution was removed with a paper 
towel, a sheet of Amersham HyperfilmTM MP (GE Healthcare Ltd.) was exposed to the membrane 
in a dark chamber and the film was developed. 
RNA isolation from plant tissue  
For RNA isolation, 0.05 g of plant tissue was frozen in liquid nitrogen and ground to a fine powder 
with mortar and pestle. RNA was isolated with the GeneJET Plant RNA Purification (Thermo Fisher 
Scientific Inc.). The resulting RNA-pellet was eluted in 20-50 µl DEPC-treated ddH2O and stored at 
-20°C in a freezer until further use. The quality and concentration of the RNA were evaluated by 
running the samples on a 1% agarose gel.  
First-strand cDNA synthesis  
For cDNA synthesis, 1 μg of total RNA was incubated with RNase-free DNaseI (Fermentas) for 30 
minutes at 37°C in a water bath to remove potential DNA contamination. The DNase I was 
inactivated by adding 1 µl of 25 mM EDTA solution to the reaction mixture and heating it to 65°C 
for 10 min in a water bath. The samples were immediately placed on ice. RNA was transcribed with 
the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) into the first-strand cDNA. For 
cDNA synthesis 0.1- 5µg total RNA, 1 µl Oligo (dT)18 Primer and nuclease-free water to fill up to a 
total volume of 12 µl were mixed gently in a reaction tube. 4 µl of the reaction buffer, 1µl RiboLock 
RNase Inhibitor, 2µl 10 mM dNTP Mix and 1 µl RevertAid M-MuLV RT were added and mixed 
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gently. The mixture was incubated for one hour at 42°C in a water bath and the reaction was 
terminated by heating it to 70°C for 5 minutes.  
Realtime qPCR gene expression analysis  
Expression analysis of genes was conducted by using 2 µl of 1:5 diluted cDNA mixed with 4µl 
ddH2O, 4µl Primer and 10 µl qPCR SyGreen Mix Separate ROX (PCR Biosystems Ltd). The PCR was 
performed on a CFX96 Touch Real-Time PCR Cycler (Bio-Rad). The delta CT Method was used to 
calculate the relative expression, according to Pfaffl (2001). The two housekeeping genes PP2A 
(AT1G13320/BnaA06g33370D) and Actin2 (AT3G18780/BnaA10g22340D) were used as reference 
genes.  The Primer efficiency was estimated using a standard curve of a cDNA dilution series and 
was additionally included in the calculations. The final value for gene expression consists of the 
mean of three biological replicates with two technical replicates each. Error bars indicate the 
standard error of the mean and statistics were performed using the Dunnett t-test (*p≤0.05; 
**p≤0.01; ***p≤0.001). 
Cultivation of Verticillium longisporum  
Verticillium longisporum isolate Vl43 (Zeise and Tiedemann, 2001) was kindly provided by Dr. Elke 
Diederichsen (FU Berlin, Germany) and used to establish a sterile glycerol stock culture. This stock 
culture was prepared from liquid fungal culture, mixed with glycerol to a final concentration of 
22% (v/v) and stored at -80°C in a freezer. To generate new inoculum for infection assays, stock 
tubes were thawed on ice, centrifuged at 6000g for 8 minutes and the supernatant was discarded. 
The pellet was dissolved in liquid CDB media with pH 6,8 (Czapek Dox Broth, Duchefa), streaked 
out on PDA media plates with pH 5,6 (Duchefa) and kept in the dark at RT for two weeks. PDA 
plates with sufficient fungal growth were sliced in eight pieces and two of them were used to 
inoculate 200 ml of liquid CDB media. Inoculated liquid cultures were incubated in the dark at 120 
rpm on a rotary shaker and RT for three days. The suspension was filtered through sterile gauze 
(200 μm), centrifuged at 6000g for 8 min and resuspended in a fourth of the original volume. To 
determine and adjust the conidia concentration a Fuchs-Rosenthal chamber was used to count a 
1:10 dilution of the fungal suspension. Conidia of five small squares from three big squares were 
counted and the concentrations calculated: 
Mean of conidia per small square × dilution factor 0.0125 mm³ per small square×1000=conidia / 
ml 
The concentration of the conidia suspension was adjusted to 2*106 conidia/ml with a 
concentration of 22% (v/v) glycerol and stored at -80°C until use. 
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Stable transformation of Brassica napus events  
The stable transformation of Brassica napus cv. Mozart was conducted by the company Saaten-
Union Biotec GmbH (Leopoldshöhe, Germany). The binary plasmids with sgRNAs targeting 
BnCRT1a and BnHVA22c were transformed into A. tumefaciens and sent to the company after 
verification by colony PCR and sequencing. Transgenic plants were generated and transferred to 
in vivo conditions for seed production. In parallel, leaf material was harvested for DNA isolation 
for genotyping and selection of T0-individuals, which seeds were the basis of experiments in this 
study. 
In vivo infection of Brassica napus with Verticillium longisporum  
Seeds of Brassica napus were surface sterilized with 70% ethanol for 5 minutes and a 5% sodium 
hypochlorite solution with a drop Tween 20 for 10 minutes followed by three times washing with 
sterile water. Seeds were sown out on sterile filter paper (1mm) saturated with MS media without 
sucrose and used for inoculation when the cotyledons were fully expanded. V. longisporum stock 
culture was thawed on ice and then centrifuged at 6000g for 10 minutes. The supernatant was 
discarded and the pellet was dissolved in the same amount of water.  Roots of Brassica napus 
seedling were cut with a razor blade to a length of 2 cm and placed in the conidia suspension for 
15 minutes under slow agitation. After inoculation plants were grown in soil (Einheitserde P, 
Einheitserdewerk Uetersen Werner Tantau GmbH und Co. KG) with an initial fertilizer application of 
WUXAL (3 ml/l) under long-day conditions in the greenhouse. 
In vitro Infection assay of Brassica napus with Verticillium longisporum 
Seeds of Brassica napus were surface sterilized with 70% ethanol for 5 minutes and a 5% sodium 
hypochlorite solution with a drop Tween 20 for 10 minutes followed by three times washing with 
sterile water. The seeds were placed in plastic salad boxes with solid MS media and grown under 
short-day conditions until the cotyledons were fully expanded. Seedlings were transferred to 120 
mm square Petri dishes placing the whole plant horizontally on the media. V. longisporum stock 
culture was thawed on ice and then centrifuged at 6000g for 10 minutes. The supernatant was 
discarded and the pellet was dissolved in the same amount of liquid CDB media. Roots were 
inoculated by brushing them with V. longisporum conidia suspension and plants were grown under 
short-day conditions for six days. 
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Disease rating  
Scoring of disease symptoms caused by the Verticillium infection was conducted according to 
Eynck et al. (2007). The plants were scored every 7 days until 28 dpi.  
 
Table 16: Disease severity index (Eynck et al., 2007). 
Score Symptoms 
1 no symptoms 
2 slight symptoms on the oldest leaf (yellowing, black veins) 
3 slight symptoms on the next younger leaves 
4 about 50 % of the leaves show symptoms 
5 more than 50 % of the leaves show symptoms 
6 up to 50 % of the leaves are dead 
7 more than 50 % of the leaves are dead 
8 only apical meristem is still alive 
9 the plant is dead 
 
From disease severity values, the area under the disease progress curve value (AUDPC) was 
calculated according to Campbell & Madden (1990): 
∑
𝑛
𝑖=1
= (
𝑦𝑖 + 𝑦𝑖+1
2
) ∗ (𝑡𝑖+1 − 𝑡𝑖) 
𝑦𝑖= disease score for observation number i ; 𝑡𝑖 = days post-inoculation,  n = number of 
observations 
Adjusted AUDPC values were calculated to not overestimate the disease severity of each 
inoculated variant through natural occurring senescence. Therefore, AUDPC values from the mock 
control were   subtracted from the AUDPC values from inoculated plants resulting in the AUDPCnet 
values: 
AUDPC net = AUDPC (Xinoc.) - AUDPC (Xcontr. ) 
 
The AUDPCnet values of each genotype were further normalized against the WT resulting in 
AUDPCnorm values. In addition to the AUDPC values, the plant height was measured at each scoring 
date as well. The growth depression (GD) compared to the mock control was calculated by dividing 
the plant height of the infected variant through the mock variant of each genotype: 
GD = (1 − (
𝑀𝑒𝑎𝑛 𝑝𝑙𝑎𝑛𝑡 ℎ𝑒𝑖𝑔ℎ𝑡𝑚𝑜𝑐𝑘
𝑀𝑒𝑎𝑛 𝑝𝑙𝑎𝑛𝑡 ℎ𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑
)) ∗ 100 
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Fungal DNA quantification by qPCR 
Fungal DNA quantification of Verticillium longisporum was conducted using the petioles of the first 
true leaves at 28 dpi. For each genotype three biological replicates containing petioles from 3 
different plants were used for quantification. Total genomic DNA was isolated and 2 µl of 1:20 
diluted gDNA was mixed with 18 µl qPCR SyGreen Mix Separate ROX (PCR Biosystems Ltd). The 
PCR was performed on a CFX96 Touch Real-Time PCR Cycler (Bio-Rad) and Primer OLG70/71 (Enyck 
et al 2007) for V. longisporum. The amount of fungal DNA was quantified using samples with 
known concentrations of fungal DNA to generate a calibration curve.  
Statistical analyses 
Graphs and plots were created with Microsoft® Office Excel® 2016 and statistical calculations were 
carried out in R. Simple comparisons of means for only two groups were done using the Dunnett 
t-test (*=p≤0.05; **=p≤0.01; ***=p≤0.001). Multiple comparisons of means were carried out by 
an analysis of variance (ANOVA) and a posthoc Tukey test with different letters indicating a 
significant difference (p ≤ 0.05).  
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Results 
Vector systems for NHEJ based approaches  
A newly constructed vector system was used in this study to induce mutations for the NHEJ based 
approach in B. napus because no optimised constructs were available at the beginning of our 
experiments. The vector BS_01 contained B. napus codon-optimised Cas9 with a C-terminal 
Mammalian Importin alpha type nucleus localization sequence (NLS) under the control of the 
CaMV 35S promoter, a sgRNA template driven by an AtU6 promoter within a multiple cloning site 
and recombination sites for gateway LR reaction. The codon usage was adjusted with the web tool 
Codon Usage Database with B. napus as target organism (http://www.kazusa.or.jp/codon/cgi-
bin/showcodon.cgi?species=3708). This expression cassette was synthesised by GeneCust 
(Boynes, France) and delivered within a pUC57 background (Fig. 6).  
 
Figure 6: Vector map of BS_01. The vector contained a B. napus codon-optimised Cas9 with a C-terminal Mammalian 
Importin alpha type nucleus localization sequence (NLS) under the control of the CaMV 35S promoter, a sgRNA 
template driven by an AtU6 promoter within a multiple cloning site and recombination sites for gateway LR reaction. 
This vector map was created with snap gene viewer. 
Successful establishment of this vector system for NHEJ approaches required a thorough 
functionality testing at the beginning of our experiments. We tested the vector on the 
transcriptional, translational and functional level. Transgenic Solanum tuberosum plants were used 
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to confirm functionality on transcriptional and translational level.  Plants were transformed with 
the binary plasmid pGWB401 containing Cas9 as nuclease and no sgRNA by the company Solana 
GmbH & Co. KG (Hamburg, Germany) and plant material was harvested for DNA, RNA and protein 
extraction. We confirmed the successful transformation with PCR using Cas9 specific Primer (Fig. 
7a). RNA was extracted from transgenic events which was transcribed into cDNA and tested 
positive for Cas9 transcription (Fig. 7b). Total protein was extracted from events used for PCR and 
RT-PCR, for those events a Western Blot with Guide-it Cas9 Polyclonal Antibody (Clontech) was 
conducted. The successful translation of the Cas9 protein could be confirmed through a positive 
signal at the same height as the positive control (Cas9 protein) in the Western Blot (Fig. 7c). 
 
Figure 7: Confirmation of cassette functionality on the transcriptional and translational level. PCRs with genomic DNA 
and cDNA of Cas9 transgenic Solanum tuberosum plants were conducted with Primer for Cas9. The Western Blot was 
conducted with a polyclonal antibody for the Cas9 protein. 
The translocation of the Cas9 protein into the nucleus was further verified to ensure that the NLS 
is functional. Therefore, transient expression assays in Nicotiana benthamiana with our Cas9 fused 
to GFP were conducted. The CDS of our codon-optimised Cas9 (BS_01) served as a template for a 
PCR with adapter Primer for a gateway reaction into pGWB403 (Nakagawa et al., 2007). Leaves 
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from N. benthamiana were infiltrated with Agrobacterium tumefaciens harbouring the Cas9-GFP 
fusion plasmid. After 48 hours, epidermal cells of infiltrated leaves were analysed to detect 
potential GFP signals. GFP signals were concentrated in round cores, leading to the conclusion that 
the Cas9 protein most likely is transported to the nucleus (Fig. 8). 
 
Figure 8: Transient expression of Cas9-GFP in epidermal leaf cells of Nicotiana benthamiana 48h after inoculation with 
A. tumefaciens. 
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In silico analysis and sgRNA design 
For the NHEJ based CRISPR approach the genes AtCRT1a (AT1G56340), AtHVA22c(AT1G69700) and 
their homologues in B. napus BnCRT1a, BnHVA22c were chosen as targets. To additionally verify 
putative homologues of CRT1a and HVA22c in B. napus neighbour-joining phylogenetic trees based 
on amino acid sequences of annotated A. thaliana genes and their putative homologues in B. 
napus were generated (Fig. 9 and 10). For CRT1a four putative homologues in B. napus were closely 
related to AtCRT1a but only the copies BnaA09g15400D and BnaC09g16150D were suggested to 
be functional orthologs because the other copies were not correctly annotated.  A similar pattern 
identified four putative HVA22c B. napus homologues being closely related to AtHVA22c. For the 
HDR based approach Genes containing a miRNA binding site targeted by V. longisporum were 
chosen: AtAgo1 (NC_003070.9), BnAGO1 (BnaA08g03260D, BnaC08g46720D) and BnTAO1 
(XM_022695834.1). Identification of homologues in B. napus was carried out via BLAST analysis in 
B. napus with the Darmor-bzh v4.1 database at GENOSCOPE (Chalhoub et al.,2014).  
 
Figure 9: A Neighbour-Joining phylogenetic tree based on amino acid sequences of AtCrt1a and BnCRT1a as well as 
AtCrt1b and AtCrt3, which was created using MEGA X software (Kumar et al., 2018). The trees were calculated by 
applying 1000 bootstraps with the following settings: Maximum Likelihood, Jones-Taylor-Thornton (JTT) model, 
Uniform Rates, use all sites, Nearest-Neighbor-Interchange (NNI). 
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Figure 10: A Neighbour-Joining phylogenetic tree based on amino acid sequences of AtHVA22c and BnHVA22c as well 
as AtHVA22a, AtHVA22b, AtHVA22d and AtHVA22d which was created using MEGA X software (Kumar et al., 2018). 
The trees were calculated by applying 1000 bootstraps with the following settings: Maximum Likelihood, Jones-Taylor-
Thornton (JTT) model, Uniform Rates, use all sites, Nearest-Neighbor-Interchange (NNI). 
The webtool CRISPR RGEN Tools was used for sgRNA design. The threshold for targets that were 
considered potential off-targets was set to three mismatches. Mismatch sequences were blasted 
for double confirmation and were not included if the mismatch sequence was not identical to the 
CRISPR RGEN Tools output. The location of the target sequence in exons was confirmed by a 
comparison of the genomic and coding sequence. For each target gene, sgRNAs could be designed 
(Tab. 17).  
Table 17: sgRNA targets for NHEJ and HDR based genome editing obtained from CRISPR RGEN Tools. MM =Mismatches 
to the original target sequence 
Target gene Guide sequence PAM Direction 1 MMs 2 MMs 3 MMs 
NHEJ 
BnCRT1a AGAATCAGAGAGATGAAGTT NGG - 0 0 5 
BnHVA22c_1 GGTAGACGAGAGCAACCAA TGG - 0 0 0 
BnHVA22c_2 TGGAGAAAATGAGTTCGAAG AGG - 0 0 0 
HDR 
AtAGO1 GAGGTAGCTTGATGCAGCTC GGG + 0 0 1 
BnAGO1 GAGGTAGCTTGATGCAGCTC GGG +/- 2 0 2 
BnTAO1_A_1 GTTGACAACGAGATCAAGCG AGG - 0 2 2 
BnTAO1_A_2 TTGATCTCGTTGTCAACGAA AGG + 0 0 1 
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For the NHEJ based approach, all sgRNAs except BnCRT1a had no off-target loci with three or fewer 
mismatches. One of the major priorities of sgRNA design for the NHEJ based approach was the 
localisation of the target sequence at the start of the gene to achieve a high impact on the amino 
acid sequence through a frameshift. For BnHVA22c Cas9 suitable target sequences could only be 
found in the second and third exon. The sgRNAs for the HDR based approach were localised close 
to the respective miRNA binding sites (Fig. 11). The sgRNAs for the HDR based approach were 
excluded from the off-target criteria for sgRNA selection due to the limited options of target 
sequences in or near the miRNA binding site. Primer for each target sequence were designed and 
the custom sgRNA generated via PCR. 
 
Figure 11: Gene structure of candidate genes and localisation of sgRNAs. Homologues of the target genes CRT1a and 
HVA22c were identified in Brassica napus and the gene structure was manually adjusted due to gene prediction errors. 
Each target sequence was found in the correct number of loci for the respective gene and organism. One exception is 
HVA22c where 4 copies could be found. 
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Table 18: Potential off-target sequences of sgRNAs for the respective candidate genes (Only targets up to 3 
mismatches were included).* BnaA09g15970D and BnaC01g43040D were excluded from potential off-targets due to 
possible erroneous sequence data. 
Target Gene Chr. Position Dir. MMs 
BnCRT1a* 
AGAATCAGAGAGATGAAGTTTGG CRT1a (BnaA09g15400D)   A09 8960304 - 0 
AGAATCAGAGAGATGAAGTTGGG CRT1a (BnaC09g16150D) C09 13078276 - 0 
AGAATgAGgGAGATGAAGaTAGG BnaA04g08980D A04 8042743 - 3 
AGAATgAGgGAGATGAAGaTAGG BnaC04g31230D  C04 33137657 - 3 
AGAAagAGAaAGATGAAGTTAGG NA A07 16491979 - 3 
AGAAagAGAaAGATGAAGTTAGG NA C06 23806398 - 3 
BnHVA22c_1 
GGTAGACGAGAGCAACCAATGG HVA22c (BnaA02g14490D) A02 8201222 - 0 
GGTAGACGAGAGCAACCAATGG HVA22c (BnaC02g19470D) C02 15856625 - 0 
GGTAGACGAGAGCAACCAATGG HVA22c (BnaA07g26710D) Ann_rnd 30640895 + 0 
GGTAGACGAGAGCAACCAATGG HVA22c (BnaC06g27930D) C06 29259884 + 0 
BnHVA22c_2 
TGGAGAAAATGAGTTCGAAGAGG HVA22c (BnaA02g14490D) A02 8201626 - 0 
TGGAGAAAATGAGTTCGAAGAGG HVA22c (BnaC02g19470D) C02 15857025 - 0 
TGGAGAAAATGAGTTCGAAGAGG HVA22c (BnaA07g26710D) Ann_rnd 30641377 + 0 
TGGAGAAAATGAGTTCGAAGAGG HVA22c (BnaC06g27930D) C06 29259399 + 0 
BnAgo1 
GAGGTAGCTTGATGCAGCTCGGG AGO1 (BnaA08g03260D) A08 2681984 - 0 
GAGGTAGCTTGATGCAGCTCGGG AGO1 (BnaC08g46720D) C08_rnd 958508 + 0 
aAGGTAGCTTGATGCAGCTCGGG AGO1 like 
(XM_013816466.2) 
A05 12291423 - 1 
aAGGTAGCTTGATGCAGCTCGGG AGO1 like 
(XM_013816466.2) 
C05 21121432 + 1 
GgGGcAGCTTGtTGCAGCTCAGG GrpE like 
(XM_022707193.1) 
A03 24797182 - 3 
GgGGcAGCTTGtTGCAGCTCAGG GrpE like 
(XM_022707193.1) 
C07 40828434 + 3 
BnTao1_A_1 
GTTGACAACGAGATCAAGCGAGG TAO1 (XM_022695834.1) A02_rnd 45821 - 0 
GTTGACAACGAGATCAAGCGAGG TAO1 (XM_022695834.1) Cnn_rnd 37713545 - 0 
aTTGAtAACGAGATCAAGCGAGG TAO1 like 
(XM_013883846.2) 
A03 14157322 - 2 
aTTGAtAACGAGATCAAGCGAGG TAO1 like 
(XM_013883846.2) 
C05 12687684 + 2 
aTTGAtgACGAGATCAAGCGAGG TAO1 like 
(XM_013883846.2) 
A09 8678910 + 3 
aTTGACAACGAGATCgAGaGAGG NA C05 9631109 + 3 
BnTao1_A_2 
TTGATCTCGTTGTCAACGAAAGG TAO1 (XM_022695834.1) A02_rnd 45827 + 0 
TTGATCTCGTTGTCAACGAAAGG TAO1 (XM_022695834.1) Cnn_rnd 37713551 + 0 
TTGATCTCGTcaTCAAtGAAAGG TAO1 like 
(XM_013883846.2) 
A09 8678904 - 3 
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In summary, we cloned several constructs with different nucleases, promoters and sgRNAs for the 
NHEJ based approach and respective target genes (Tab. 19).  
Table 19: Plasmids cloned in this study for the NHEJ approach with information about promoter, nuclease and sgRNA 
target 
Plasmid name Promoter Nuclease sgRNA target Backbone 
BS_01 35s 
Cas9 (B. napus codon 
optimized) 
- 
pUC57 
BS_02 35s 
Cas9 (A. thaliana codon 
optimized) 
- 
pUC57 
BS_07 35s 
Cas9 (B. napus codon 
optimized) 
BnCRT1a 
pGWB401 
BS_09 35s 
Cas9 (B. napus codon 
optimized) 
BnHVA22c_1 
pGWB401 
BS_10 35s 
Cas9 (B. napus codon 
optimized) 
BnHVA22c_2 
pGWB401 
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Transformation of our CRISPR/Cas9 constructs 
Hairy roots were utilised as another test system and have the advantage of a fast generation, high 
transformation efficiency and are inducible from a wide range of tissue. For our experiments, we 
generated hairy roots in B. napus from hypocotyl of in vitro grown seedlings. Transgenic hairy roots 
had been generated and gDNA was isolated from positive transgenic events that were confirmed 
via PCR. The HVA22c_2 target locus was amplified and digested with AsuII (Fig. 12). Undigested 
bands were visible indicating a potential change of the target sequence. Those undigested bands 
were cloned into T-vector and Sequencing data revealed InDels at the target locus compared to 
the wild type. 
 
Figure 12: RE-Assay of HVA22c_2 locus for mutation screening. The sgRNA target locus was amplified from different 
transgenic hairy roots from Brassica napus transformed. PCR products were incubated with restriction enzyme AsuI 
to screen for potential mutations. The wild type locus (WT) was completely digested and the undigested wild type PCR 
product served as a reference for undigested bands (UD). Several events showed undigested bands suggesting 
potential mutations in the respective genomes. 
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Screening of CRISPR/Cas-generated mutations CRT1a and HVA22c loci 
The successful validation of vector functionality allowed us to proceed with stable transformation 
for targeting both CRT1a and HVA22c susceptibility factors in B. napus. Vector constructs were 
transformed into A. tumefaciens and handed to the company Saaten-Union Biotec GmbH 
(Leopoldshöhe, Germany) to generate transgenic events in the B. napus cv. Mozart background. 
After the antibiotic selection process, 22 independent events for CRT1a and 40 independent 
events for HVA22c could be obtained.  
The first screening for mutations at the target loci was conducted via dCAPS assay to allow fast 
identification and semi-quantitative estimation of mutation rates. dCAPS Primer were designed 
which introduce RE sites in the PCR product of the respective loci from CRT1a and HVA22c, 
enabling a RE digestion to screen for mutations with restriction enzyme digestion. The dCAPS assay 
was conducted for all T0 CRT1a and HVA22c CRISPR mutants. For confirmation, several undigested 
bands from the dCAPS assay (Fig. 13) for CRT1a and HVA22c were cloned into T-vector and 
sequenced. The sequencing results indicated that the dCAPS Assay was reliably working when 
bands indicated mutations compared to the wild type locus. After successful validation of the  
 
Figure 13: dCAPS assay for BnCRT1a and BnHVA22c target loci in Brassica napus. PCRs with dCAPS Primer, that 
introduce RE recognition sequences into PCR products with wild type sequence. UD = Undigested PCR product 
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dCAPS assay the events C1, C2, C3, C4 for CRT1a and H7, H8, H12, H15 for HVA22c were chosen 
for cloning of target loci into pGEM T-easy (Promega, USA) for sequencing to gain more precise 
information about mutations. For CRT1a 9 WT and 80 PCR products from 10 independent 
transgenic events were sequenced and mutations in 5 out of the 10 events could be observed. For 
HVA22c 15 WT and 85 PCR products from 10 independent transgenic events were sequenced and 
mutations in 6 out of 10 events could be observed (Fig. 14). Unfortunately, we could not conclude 
whether an event was a homozygous mutation or not because the same mutations in different 
alleles were not distinguishable with this sequencing method. For instance, for BnHVA22c the 
distinction between the A and C copy of the gene was not possible in the amplified sequence due 
to a high degree of sequence homology. Therefore, it is possible that the mutation rate of an event 
was underestimated. Nevertheless, the percentage of independent T0 events carrying expected 
mutations was estimated to 22,7% for CRT1a and 35% for HVA22c CRISPR mutants.  
 
Figure 14: Mutations at sgRNA target locus for BnCRT1a and BnHVA22c obtained so far. The sequence data was 
obtained through sequencing single alleles in T-vectors. For CRT1a 9 WT and 80 PCR products from the target loci and 
for HVA22c 15 WT and 85 PCR products from the target loci were sequenced. Only T0 events with mutations are listed 
in this figure. 
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Selection of fully mutated events for BnCRT1a and BnHVA22c  
Because a recessive resistance relies on mutations in all of the targeted loci, we focused on the 
identification of fully mutated events for BnCRT1a and BnHVA22c from T2-populations as 
illustrated in with fully mutated target loci (Fig. 15). 
 
 
Figure 15: Scheme for propagation and selection of CRISPR mutants. The T0 generation was screened with single allele 
sequencing and dCAPS assay. Four events with high mutation rates were chosen for further propagation. Twenty 
plants of the T1 generation were screened with dCAPS and three plants per T0 parental event were chosen for further 
propagation. Three progenies of each T1 event were analysed by dCAPS and 10 plants were used in infection 
experiments with Verticillium longisporum. 
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As starting plant material for our experiments, four T0 events with the highest mutation rates for 
CRT1a and HVA22c as estimated by the dCAPS assay and validated by sequencing were chosen. 
The events C1, C2, C3, C4 for CRT1a and H7, H8, H12, H15 for HVA22c were selected for further 
investigation. After selfing, twenty plants from the progeny from each T0 event were analysed by 
dCAPS to select three T1 individuals with the highest mutation rates as estimated by dCAPS assay 
(Fig. 16).  The events include C1E10, C1E19, C1E22, C2E9, C2E20, C2E21, C3E3, C3E6, C3E14, C4E14, 
C4E23, C4E27 for CRT1a and H7E4, H7E5, H7E8, H8E3, H8E7, H8E11, H12E1, H12E6, H12E8, H15E3, 
H15E5, H15E7 for HVA22c (Fig. 16). Subsequently, 10 T2 individuals were subjected to infection 
assays with V. longisporum Vl43. 
 
Figure 16: dCAPS assay for CRT1a and HVA22c target loci in Brassica napus. PCRs with dCAPS Primer, that introduce 
RE recognition sequences into PCR products with wild type sequence. UD = Undigested PCR product. 
 
To ensure the induced mutations are stably inherited in the T2 generation, three T2 plants were 
randomly selected for dCAPS assay to evaluate and confirm the estimated mutation rate before 
T2 individuals were used in infection experiments (Fig. 17). Interestingly, all T2 plants showed 
similar mutation rates compared to their parents, indicating that CRISPR/Cas-induced mutations 
did not increase over two generations and remained stable. 
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Figure 17: dCAPS assay for CRT1a and HVA22c target loci in Brassica napus of the T1 progeny. PCRs with dCAPS Primer, 
that introduce RE recognition sequences into PCR products. UD = Undigested PCR product. 
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Infection assays of BnCRT1a and BnHVA22c mutants with V. longisporum  
The cultivar Mozart was first infected with Vl43 to evaluate the infection system under greenhouse 
conditions. One week after germination seedlings were inoculated via root dip and grown under 
long-day conditions in the greenhouse. At 21 dpi different disease severities could be observed, 
ranging from beginning chlorosis (Fig. 18a) to visible chlorosis and stunted growth (Fig. 18d). 
 
Figure 18: Different infection severities of Verticillium stem stripping 21 dpi of the cultivar Mozart. The plants were 
grown in the greenhouse under long-day conditions. A range of disease severities could be observed with beginning 
chlorosis (B) to stunted growth and severe chlorosis (D) compared to the non-infected control (A).  
 
The Infection experiment was repeated twice consisting of 10 infected and five mock-treated 
plants per mutant. Every seven days plant height and disease severity were evaluated. After 28 dpi 
pictures from three representative plants of each genotype were taken (Fig. 19 and 20). The wild 
type showed severe stunted growth and chlorosis compared to its non-infected control. Overall 
the mutants of both genes showed less stunted growth and symptoms than the infected wild type. 
However, a difference in disease severity between different mutants of CRT1a and HVA22c was 
observable. The CRT1a genotypes C1E22, C2E9, C2E20 and C4E14 seemed more susceptible to 
Vl43 infection than the genotypes C3E3, C3E6 and C4E23 compared to their non-infected control. 
The same range of susceptibility could be observed for HVA22c with H7E5 and H7E8 as more 
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susceptible and H12E1, H12E6, H15E3 and H15E7 as less susceptible genotypes to Vl43 infection. 
This range of susceptibility could be correlated with the number of mutated alleles.  
 
Figure 19: Selected CRT1a CRISPR mutants 28 dpi after infection with Verticillium longisporum Vl43 
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Figure 20: Selected HVA22c CRISPR mutants 28 dpi after infection with Verticillium longisporum Vl43 
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Also, the AUDPCnorm was calculated for all genotypes to evaluate the disease severity of each 
genotype (Fig. 21). Disease rating was scored in the greenhouse under long-day conditions with 10 
infected and five mock-treated plants for each event. Plants were inoculated via root dip and 
scoring was done every seven days after infection up to 28 dpi. Nearly all CRISPR mutants showed 
statistically significant lower AUDPCnorm values than the wild type except C2E20, C2E21 and 
C4E14 indicating a decreased susceptibility of mutants for both genes, which reflects the results 
of visual scoring at 28dpi.  
 
Figure 21: AUDPCnorm of all CRISPR genotypes infected with Verticillium longisporum. The AUDPC values were 
calculated according to Campbell and Madden (1990) and normalised against the wild type. For each genotype 10 
infected and five control plants with one biological replicate were rated weekly until 28dpi. Error bars represent the 
standard error of the mean for 20 plants of two independent biological replicates and statistics were performed with 
an ANOVA and multiple comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
A secondary factor to rate the disease severity is the stunted growth caused by the fungal 
infection. At the last rating date, the plant height of infected plants was measured and compared 
to the uninfected control of each event to determine the growth-depression (Fig. 22). Some 
genotypes showed a statistically significant lower growth depression than the wild type confirming 
that the knockout of CRT1a and HVA22c led to less susceptibility. Symptom severity and stunted 
growth often correlate in the Verticillium infection, therefore the AUDPCnorm and GD should be 
correlated. A linear model was used to determine the correlation between those two parameters 
(Fig. 23). The two parameters significantly correlated undermining the quality of collected data. 
This model helped us as well to select a range of genotypes for further experiments evaluating the 
gene expression of defence and candidate-related marker genes.  
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Figure 22: Growth Depression (GD)  of all CRISPR mutants infected with Verticillium longisporum. The GD values were 
calculated through normalising the plant height of infected plants against their control plant height 28 dpi. For each 
genotype 10 infected and five control plants with one biological replicate were rated 28dpi. Error bars represent the 
standard error of the mean for 20 plants of two independent biological replicates and statistics were performed with 
an ANOVA and multiple comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
 
Figure 23: Linear model for correlation of AUDPCnorm and GD. The model was derived from the AUDPCnorm and GD 
values, which significantly correlated. Genotypes localised in the lower-left corner represent the least susceptible 
ones. 
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Evaluation of grain weight from CRISPR mutants 
The grain weight was used as a parameter to evaluate potential negative side-effects on yield 
caused by the knockout of CRT1a or HVA22c. After the last disease rating, plants were further 
cultivated until full fruit ripening. The seeds from infected and mock-treated plants were harvested 
and the weight per 1000 seeds was measured (Fig. 24). Grain weight was measured from 10 
infected and five mock-treated plants for each genotype. There was no significant difference 
between wild type and the mutants of both genes suggesting that there are no negative side 
effects caused by the mutation of the respective gene.  
 
Figure 24: Seed weight per 1000 seeds normalized to the wild type. Error bars represent the standard error of the 
mean for 20 plants of two independent biological replicates and statistics were performed with an ANOVA and 
multiple comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
The candidate plants for further experiments were selected based on the linear model (Fig. 23). 
Genotypes like C2E20 which did not perform as well as less susceptible genotypes like C3E3 were 
chosen for further characterisation. Finally, the genotypes C1E22, C2E9, C2E20, C3E3, C3E6, C4E14, 
C4E23 for CRT1a and H7E5, H7E8, H12E1, H12E6, H15E3, H15E7 for HVA22c were chosen for 
further experiments including quantification of fungal DNA in petioles and marker gene expression 
analysis.  
Fungal DNA quantification in petioles of CRISPR mutants  
Fungal DNA quantification was conducted with tissue samples harvested at the final rating date 28 
dpi. The petioles of the first two true leaves were harvested and two plants were pooled into one 
sample to a total of three samples per event.  For a first evaluation of the fungal DNA content, 
PCRs with fungus-specific OLG and plant-specific PP2A Primer were performed and the PCR 
products were run on a gel for relative fungal DNA quantification. Differences between the 
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samples could be observed while the wild type had the strongest bands for OLG PCR products. For 
a precise quantification, a qPCR using PP2A as a reference gene and OLG Primer for absolute fungal 
DNA quantification was carried out with selected genotypes (Fig. 25). All tested genotypes showed 
a lower content of fungal DNA than the wild type which fits the previous observations regarding a 
less susceptibility of mutant genotypes against Verticillium longisporum.   
 
Figure 25: Absolute fungal DNA quantification of Brassica napus petioles 28 dpi with Verticillium longisporum. 
Verticillium specific OLG Primer were used in a qPCR for three samples consisting of petioles of two plants per 
genotype. Error bars represent the standard error of the mean for 6 plants and statistics were performed with multiple 
comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
 
To ascertain the relationship between pheno- and genotypic data, from each T0 event, three 
mutants showing varying susceptible degrees to the V. longisporum infection were chosen for T-
vector sequencing of target loci. An average of 40 clones was sequenced for each genotype and 
different mutations were observed (Tab. 20). C4E23 and H12E6 represent the least susceptible 
genotypes with the highest mutation frequencies in the target loci from the three selected 
mutants, whereas C2E20 and H7E8 represent the most susceptible genotypes with the lowest 
mutation rate in target loci. This may lead to the conclusion that genotypes with a high mutation 
rate in the target loci of both genes are less susceptibility against Vl43 infection and a dose-effect 
of mutated loci correlating with susceptibility might be the explanation for the range of disease 
severity among the mutants of CRT1a and HVA22c.  
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Table 20: Pheno- and genotypic data for the CRISPR mutants C2E20, C1E22, C4E23 for BnCRT1a as well as H7E8, H15E3, 
H12E3 for BnHVA22c compared to the wild type and rated for improvement of traits (+, ++, +++) or same 
characteristics as the wild type (=). Target loci were sequenced with single allele T-vector cloning. Insertions are 
indicated by green letters, while yellow letters indicate SNPs in WT. 
 Phenotype Genotype 
 
Plants 28 dpi 
AUDPC
/GD 
Grain 
weight 
Fungal 
DNA 
T2 Mutations 
BnCRT1a 
WT 
 
   
(A)TAAACCCCAACTTCATCTCTCTGATTCTTATCG 
(A)TAAACCCCAACTTCATCTCTCTGATTCTTATCG 
(C)TAAACCCCAACTTCATCTCTCTGATTCTTTTCG 
(C)TAAACCCCAACTTCATCTCTCTGATTCTTTTCG 
C2E20 
 
= = ++ 
(A)TAAACCCCAACTTCATCTCTCTGATTCTTATCG 
(A)TAAACCCCAACTTCATCTCTCTGATTCTTATCG 
(C)TAAACCCCAA--TCATCTCTCTGATTCTTTTCG 
(C)TAAACCCCAACTTTCATCTCTCTGATTCTTTTCG 
C1E22 
 
++ = +++ 
(A)TAAACCCCAACATTCATCTCTCTGATTCTTATCG 
(A)TAAACCCCAACATTCATCTCTCTGATTCTTATCG 
(C)-------------CATCTCTCTGATTCTTTTCG 
(C)TAAACCC----TTCATCTCTCTGATTCTTTTCG 
C4E23 
 
+++ = +++ 
(A)TAAACCCCAACTTTCATCTCTCTGATTCTTATCG 
(A)TAAACCCCAACTTTCATCTCTCTGATTCTTATCG 
(C)TAAACCC----TTCATCTCTCTGATTCTTTTCG 
(C)TAAACCC----TTCATCTCTCTGATTCTTTTCG 
BnHVA22c 
WT 
 
   
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
H7E8 
 
+ = +++ 
(A/C)GCAGTCCATTGGGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTG---GCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
H15E3 
 
++ = +++ 
(A/C)GCAGTCCATTG---GCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTG----CTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGTGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
H12E6 
 
+++ = +++ 
(A/C)GCAGTCCATTG--TGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGTGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGAGTTGCTCTCGTCTACCCTCTG 
(A/C)GCAGTCCATTGGTTGCTCTCGTCTACCCTCTG 
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Marker gene expression in CRT1a and HVA22c CRISPR mutants  
The resistance mechanisms CRT1a and HVA22c are involved in remain unclear. Trying to shed light 
on their function, expression of related hormone marker genes was determined. Seedlings of the 
genotypes C1E22, C2E20, C4E23 for CRT1a and H7E8, H12E6, H15E3 for HVA22c were grown in 
vitro and infected with Verticillium longisporum. Those mutants were chosen to have a range of 
from susceptible to less susceptible genotypes (Tab. 20). Six days after inoculation, the roots were 
harvested with three biological replicates per genotype consisting of root tissue from 6 seedlings. 
The RNA was isolated and cDNA synthesised. For expression analysis, the genes PR1 and WRKY70 
were chosen as representatives for the salicylic acid pathway (Fig. 26). The general trend among 
all genotypes was the induction of those genes in the same strength as the wild type, whereas the 
genotype H15E3 showed less induction for PR1 by infection with V. longisporum.  
For ethylene, the marker genes ACO1 and ETR2 were chosen (Fig. 27). Those marker genes were 
upregulated compared to the control as well as showing the same trend as the salicylic acid marker 
genes. A difference in expression level between the genotypes was only significant between non-
infected control of the wild type and the genotypes C4E23 and H15E3 for ETR2, whereas for ACO1 
only H15E3 had a significant difference in expression level to the wild type in the non-infected 
control.  
The jasmonic acid pathway was represented by the marker genes PDF1.2 and LOX3 (Fig. 28). Both 
marker genes showed no general trend of up- or downregulation among the genotypes. 
To further investigate the potential function of CRT1a and HVA22c expression of ER related and 
genes involved in vesicle transport, which were co-expressed with the candidate genes was 
evaluated. The genes CNX1, PDCB3 and PDIL1 were chosen but showed no differential expression 
compared to the wildtype in infected and non-infected plants (Fig. 29).  
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Figure 26: Induction of salicylic acid marker genes of Brassica napus seedlings at 6 dpi with Verticillium longisporum. 
Relative expression normalised to PP2A/Actin2 was calculated with efficiency corrected Cq values. Error bars 
represent the standard error of the mean for three independent biological replicates and statistics were performed 
with multiple comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
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Figure 27: Induction of ethylene marker genes of Brassica napus seedlings at 6 dpi with Verticillium longisporum. 
Relative expression normalised to PP2A/Actin2 was calculated with efficiency corrected Cq values. Error bars 
represent the standard error of the mean for three independent biological replicates and statistics were performed 
with multiple comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
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Figure 28: Induction of jasmonic acid marker genes of Brassica napus seedlings at 6 dpi with Verticillium longisporum. 
Relative expression normalised to PP2A/Actin2 was calculated with efficiency corrected Cq values. Error bars 
represent the standard error of the mean for three independent biological replicates and statistics were performed 
with multiple comparisons using Dunnett’s t-test  (*=p≤0.05), comparing WT and CRISPR mutants. 
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Figure 29: Induction of ER related genes of Brassica napus seedlings at 6 dpi with Verticillium longisporum. Relative expression 
normalised to PP2A/Actin2 was calculated with efficiency corrected Cq values. Error bars represent the standard error of the mean 
for three independent biological replicates and statistics were performed with multiple comparisons using Dunnett’s t-test 
(*=p≤0.05), comparing WT and CRISPR mutants. 
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Vector systems for HDR based approaches  
The first strategy for a successful application of HDR for genome editing was based on multiple 
template sequences. Those templates were localised within the T-DNA borders and flanked by 
adapters with a sequence identical to the target locus (Fig. 31). The template “chain” was produced 
from a synthesised single copy template for A. thaliana. PCR-generated BclI and BamHI RE-sites 
were added to the template sequence making it possible to clone it multiple times in the same 
plasmid. For the first ligation, the template was amplified with BclI_F and BamHI_R Primer and 
double digested with BamHI/BclI. pBS SK- served as the backbone and was cut with BamHI. This 
step was followed by another single template ligation into the same plasmid after successful 
cloning of the first template. As soon as two templates were in the same vector, they were 
amplified with Vec/Re_BclI_F Primer and the PCR product was cloned into the double template 
vector to achieve a quadruple template vector (Fig. 30). 
 
Figure 30: Cloning scheme for the production of template repeats. For the cloning procedure, Bcll and BamHI 
recognition sequences are added via PCR to the template. After being cut both RE sites have similar overhangs but 
cannot be cut again if they are ligated to one another which inactivates the RE recognition sequence. If this fragment 
is ligated into a BamHI cut vector-only one side is still cuttable by BamHI. This principle was used to clone the fragment 
multiple times. 
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Figure 31: HDR approach for the exchange of miRNA binding sites using a repeat based vector for successful HDR. The 
expression cassette contains sgRNA and Cas9 for the induction of DSB and repair templates with adapter sequences 
which are targetable by the sgRNA to allow them to be cut out. In the presence of multiple of those repair templates, 
the HDR should be triggered and seamless exchange of the miRNA binding site should be possible. (Courtesy of Dirk 
Schenke). 
 
The second strategy for HDR included a plasmid containing the disarmed genome of the bean 
yellow dwarf virus (pLSLR) (Baltes et al. 2014) which was modified for our studies (Fig. 32). The 
vector was cut with Eco72I and a fragment from the binary vector pGWB401 containing the 
M13fwd Primer sequence, attR, lacUV5 promoter, CmR coding sequence, ccdb coding sequence, 
attR2 and the Nos terminator was cloned into it. This fragment was obtained by double-digestion 
of the pGWB401 plasmid with PmeI and PdmI. This vector enables us to use the viral vector in the 
same way as pGWB401 being compatible with our CRISPR/Cas vectors. After ligation 
transformation was carried out into E. coli strain K12xB DB3.1 because this strain can survive the 
ccdB toxin and single colonies were identified via colony PCR and confirmed by sequencing.  
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Figure 32: Vector map of BS_14. The vector was created by cloning a sequence fragment of the binary vector pGWB401 
containing the M13fwd Primer sequence, attR, lacUV5 promoter, CmR coding sequence, ccdb coding sequence, attR2 
and a Nos terminator was cloned into the disarmed genome of the bean yellow dwarf virus (pLSLR) (Baltes et al. 2014). 
The vector map was created by snap gene viewer. 
 
Figure 33: HDR approach for the exchange of miRNA binding sites using a vector with a disarmed genome of the Bean 
yellow dwarf virus for successful HDR. The expression cassette contains sgRNA and Cas9 for the induction of DSB and 
genes for the viral replication and LIR sites for the processing of the viral genome. Only a single copy of the repair 
template is cloned into this vector because the template is multiplied by replication of the virus. 
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Plasmids from positive colonies were isolated and transformed into the ccdB susceptible E. coli 
strain DH5α to have a confirmation of a functioning ccdB gene and correct ligation. No colonies 
were obtained after this transformation which led to the conclusion that the integration of the 
fragment from pGWB401 into pLSRL was successful.  Plasmids with our Cas9 and sgRNAs for 
BnHVA22c_2 and StCesa3, which all were confirmed to be functional, were used as entry clone to 
check whether the modified pLSLR is functional. 
In summary, we cloned several constructs with different repair template approaches and sgRNAs 
for the HDR based approach and respective genes (Tab. 21). 
Table 21: Plasmids cloned in this study for the NHEJ approach with information about the promoter, nuclease, sgRNA 
target, repair template amount and backbone. 
Plasmid 
name 
Promoter Nuclease sgRNA target 
Repair 
template 
number 
Backbone 
BS_13 35s 
Cas9 (B. 
napus 
codon 
optimized) 
AtAGO1 Multiple pGWB401 
BS_14 35s 
Cas9 (B. 
napus 
codon 
optimized) 
- - Viral replicon 
BS_15 35s 
Cas9 (B. 
napus 
codon 
optimized) 
BnHVA22c_2 - Viral replicon 
BS_17 35s 
Cas9 (B. 
napus 
codon 
optimized) 
AtAGO1 One Viral replicon 
BS_18 35s 
Cas9 (B. 
napus 
codon 
optimized) 
BnAGO1 One Viral replicon 
BS_19 35s 
Cas9 (B. 
napus 
codon 
optimized) 
BnTAO1_A_1 
& 
BnTAO1_A_2 
One Viral replicon 
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First HDR strategy with multimers  
To test the functionality for HDR with multiple repeats on the binary plasmid, hairy roots of 
Arabidopsis thaliana were generated with construct BS_13. The construct for this gene was chosen 
because it served as a selection marker as well. Knockouts of this gene are expected to cause lethal 
mutations and only positive HDR events should generate viable transgenic events. The DNA of 
those roots was isolated and screening for a potential HDR event was carried out via PCR. A Primer 
that binds only to the mutated miRNA binding site was used in combination with another binding 
in the genome outside the template to exclude that the mutated templates caused false-positive 
signals. No PCR fragments using this Primer combination were detected in confirmed transgenic 
roots leading to the conclusion that either the transformation method was not suitable or the 
sgRNA was not functional (Fig. 34).  
 
Figure 34: PCR based screening for positive HDR events for AGO1 in A. thaliana. Target loci the gene were amplified 
with Primer binding to the wild type sequence and outside the repair template range. With the same samples, a second 
PCR with Primer binding to the modified sequence and outside the range of the repair template was conducted to 
have a double confirmation in case of potential positive HDR events. 
Second HDR strategy with viral replicon 
For the viral replicon approach, B. napus and S. tuberosum were transformed with the respective 
constructs and sgRNAs. The first step was to confirm whether the viral genome is processed 
correctly inside the plant cell. A PCR with Primer which only amplify a PCR product from the circular 
viral genome was conducted from transgenic B. napus hairy roots. Several independent transgenic 
events showed a band which indicated that the viral genome is processed correctly (Fig. 35). 
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Figure 35: PCR for the screening of processed viral genomes. The gDNA was derived from transgenic Brassica napus 
hairy roots transformed with the viral vector. The Primer used for this PCR are localized down and upstream of the LIR 
and only amplify if the viral genome is processed into its circular form. 
We tested the vector with a sgRNA targeting BnHVA22c and loci were amplified from genotypes 
that were positive for the circularisation test and digested PCR products with AsuII to check 
whether mutations were induced. Several undigested bands could be observed. Undigested bands 
from this assay were excised from the gel and cloned into t-vector and sequenced for confirmation 
of a successful mutation (Fig. 36). Mutations in the sgRNA target loci could be confirmed leading 
to the conclusion that the viral Cas9 construct is functional. 
 
Figure 36: RE-Assay and sequencing of undigested bands of HVA22c_2 locus for mutation screening. The sgRNA target 
locus was amplified from different transgenic hairy roots from Brassica napus transformed with the BS_14 construct. 
PCR products were incubated with restriction enzyme AsuI to screen for potential mutations. The wild type locus (WT) 
was completely digested and the undigested wild type PCR product served as a reference for undigested bands (UD). 
Several genotypes showed undigested bands suggesting potential mutations in the respective genomes. Additionally, 
the undigested bands were cloned into t-vector and sequenced.  
We further investigated the longevity and mutation potential of the viral genome in the plant. 
Hairy roots were harvested for DNA isolation 5 and 7 weeks after the first roots emerged.  Viral 
genomes were detectable up to 7 weeks but also in 1 of 5 events the viral replicon was already 
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inactive after 5 weeks. We were not able to observe an increase in mutation rate between both 
time points (Fig. 37). 
 
Figure 37: RE-Assay of HVA22c_2 locus for mutation screening in combination with virus persistence testing. The 
sgRNA target locus was amplified from different transgenic hairy roots from Brassica napus transformed with the 
BS_15 construct. Samples were harvested 5 and 7 weeks after the first roots emerged. PCR products were incubated 
with restriction enzyme AsuI to screen for potential mutations. The wild type locus (WT) was completely digested and 
the undigested wild type PCR product served as a reference for undigested bands (UD). Several events showed 
undigested bands suggesting potential mutations in the respective genomes. 
For a final approach to generate positive HDR events the viral vector in combination with the hairy 
roots transformation system appears to be the most promising option, combining a simple 
transformation with a high transformation efficiency. The genes AGO1 and TAO1 in B. napus 
containing miRNA binding sites which served as targets were chosen for this experiment. 
Templates for recombination were generated from gDNA and mutated via PCR. From 100 hairy 
roots for each gene, 52 independent BnAGO1 and 55 independent BnTAO1 positive events were 
obtained after transformation of B. napus with A. rhizogenes. DNA of those roots was isolated and 
screening for a potential HDR event was conducted via PCR as in previous experiments. No PCR 
fragments with the correct length of 1kb for a positive HDR event were observed for both genes 
(Fig. 38). 
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Figure 38: PCR based screening for positive HDR events for AGO1 and TAO1_A from B.napus hairy roots. Target loci 
for both genes were amplified with Primer binding to the wild type sequence and outside the repair template range. 
With the same samples, a second PCR with Primer binding to the modified sequence and outside the range of the 
repair template was conducted to have a double confirmation in case of potential positive HDR events. Unfortunately, 
no bands could be observed at the correct length of 1 kb for the mutated locus. 
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Discussion 
The demands towards modern agriculture to maintain stable yields, increased productivity and 
flexibility become more and more challenging. Especially considering growing population rates, 
reduced land availability for agriculture and climate change, new crop varieties are needed for the 
sustainable food supply chain. In addition to negative abiotic effects, the resistance against 
pathogens is a major factor to maintain stable productivity under increasingly “pathogen friendly” 
culture conditions referring to a lack of crop rotation, reduced soil tilling and crops growing in vast 
monocultures. The genetic crop improvement, not only for quality traits but for resistances against 
their major pathogens as well, helps to prevent a decrease in productivity. Brassica napus has 
become an important crop species in Europe, Canada and China primarily for vegetable oil 
production and high protein animal feed (USDA 2019). One major soilborne fungal pathogen 
targeting Brassica napus is Verticillium longisporum causing Verticillium stem striping and a 
premature ripening leading to yield losses up to 50 % (Dunker et al., 2008).  
Due to its relatively young age as a species, B. napus has a very narrow genetic pool and no 
effective resistance against V. longisporum could be identified so far (Depotter et al., 2016). Some 
quantitative genetic approaches identified QTL loci that confer resistance but the mechanisms and 
responsible genes remain unknown (Rygulla et al., 2008; Obermeier et al., 2013). Genetic 
manipulation of crops by transfer of genes conferring resistance against pathogens has limited 
public acceptance and is often unstable (Barakate and Stephens, 2017). However, with emerging 
new technologies for genome editing in the form of programmable nucleases, it is now possible to 
create a new source of resistance via knocking out genes that are required by the pathogen to 
colonize the host successfully. The public perception of this approach is much more positive and 
no artificial genetic elements will stay in the crop’s genomes.  
Potential susceptibility factors in the B. napus-V. longisporum interaction were identified by 
differential gene expression deploying an SSH library (Häder, 2013). From initially 20 selected 
genes, 15 genes were tested by evaluating the resistance of A. thaliana T-DNA insertion lines in 
the corresponding orthologous gene loci. Two mutants that showed an impeded infection 
compared to wild type cv. ‘Col-0’, were identified as genotypes with T-DNA insertions in the genes 
CRT1a and HVA22c. The knockout of those genes resulted in an impeded infection process and 
fungal DNA accumulation, leading to the suggestion that those genes might function as 
susceptibility factors.  For confirmation of their role as susceptibility factors in this interaction, a 
TILLING population of B. napus was screened for mutations in the respective loci and infected as 
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well (Hossain, 2017). Several candidate genotypes with single mutations in the target genes CRT1a 
and HVA22c that introduce a stop codon in the coding sequence could be identified. 
Unfortunately, independent knockout genotypes for both genes did not show consistent results 
regarding the resistance against infection with Vl43. This suggested strong side effects caused by 
the EMS mutational background. To overcome the enormous number of off-target mutations 
induced by undirected mutagenesis and drastically influencing the resistance in an unpredictable 
manner, the genes CRT1a and HVA22c were selected as targets for a specific gene knockout 
through CRISPR/Cas9. This approach should allow us to confirm their role as susceptibility factors 
without the negative effect of the mutation background of TILLING mutants. For this directed 
mutagenesis approach, we generated and established a Cas9 expressions cassette.  In an 
additional approach, we aim to alter the sequence of miRNA binding sites without affecting the 
gene function via HDR. Gene disruptions can have unpredictable side effects with negative 
influence on desired traits of a crop, especially in regard to susceptibility factors which are often 
involved in natural biological processes. Potential targets are the genes AGO1 and TAO1, which 
are targeted by fungal miRNAs in the early stages of the infection of B. napus by V. longisporum. 
The colonisation of the plant by the fungus may be impeded without modulation of those genes. 
Two vector systems based on repair template multimers and a viral genome were established and 
utilised for HDR. 
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The optimised CRISPR/Cas9 vector system proved to be a functional and versatile tool for 
genome editing in Brassica napus 
First CRISPR/Cas9 vector systems in plants had a relatively low editing efficiency (Li et al., 2013; 
Nekrasov et al., 2013) and several studies tried to improve the efficiency by modifying components 
of the respective vector system adapting it to the target organism (Tab. 22). 
Table 22: CRISPR/Cas9 vector systems designed for stable transformation in Oryza sativa and Arabidopsis thaliana. 
Modified after Ma et al., 2016. 
Organism  
Cas9 
promoter 
Cas9 codon 
optimisation 
sgRNA 
promoter 
Multiplex strategy 
Editing 
efficiency 
Reference 
Oryza 
sativa 
2 × P35S O. sativa OsU3 – 8.2%  
Shan 
et al., 
2013 
OsUbi  H. sapiens OsU3 Sequential cloning 45.3%  
Zhang 
et al., 
2014 
2 × P35S plant AtU6 - 8.6%  
Xu et al., 
2014 
OsUbi  O. sativa OsU3 
Polycistronic tRNA 
process system 
Up to 
100% 
Xie et al., 
2015 
ZmUbi  O. sativa 
OsU3, 
OsU6a, 
OsU6b, 
OsU6c 
Golden 
Gate/Gibson 
assembly 
85.4%  
Ma et al., 
2015 
Arabidopsis 
thaliana 
AtUbi  H. sapiens AtU6 Sequential cloning 81.2%  
Feng 
et al., 
2014 
PcUbi  A. thaliana AtU6 – 26.7% 
Fauser 
et al., 
2014 
2 × P35S Z. mays AtU6  
Golden 
Gate/Gibson 
assembly 
82.6%  
Xing 
et al., 
2014 
ICU2  O. sativa AtU6 Sequential cloning 20.6% 
Hyun 
et al., 
2015 
2 × P35S O. sativa 
AtU3 
AtU6 
Golden 
Gate/Gibson 
assembly 
35.6% 
Ma et al., 
2015 
EC1.2  A. thaliana AtU6  – – 
Wang 
et al., 
2015 
AtUbi A. thaliana 
AtU6, 
AtU3b, 
At7SL 
Multiple 
enzymes/sequential 
cloning 
13%–93% 
Zhang 
et al., 
2015 
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The promoter of sgRNAs and Cas9, alteration of codon usage to the respective target organism 
and multiplex strategies were adaptions, trying to improve the editing performance. We decided 
to assemble our system with a B. napus codon-optimised Cas9 driven by the 35s promoter, an 
AtU6 promoter for the sgRNA and sequential cloning as a multiplex strategy. We reasoned our 
choice for those specifications with the fact that similar systems had on average high editing 
efficiencies in A. thaliana and O. sativa. But in summary no definite factor or component was 
detectable from previous studies that strongly elevated editing efficiencies, even a Cas9 with a 
codon usage for H. sapiens enabled editing frequencies up to 81.2% (Feng et al., 2014) in 
Arabidopsis. 
In initial experiments, transgenic events were generated from Solanum tuberosum cv. Baltica as 
well as Granada and used for functional testing of the vector system. The Cas9 expression and 
translation could be successfully observed utilising RT-PCRs and Western Blots as well as the 
translocation of the GFP-Cas9 fusion protein to the nucleus. Experiments to determine the editing 
capability were carried out in A. thaliana cv. Col-0 to test the vector system in a more closely 
related species to B. napus. We could not observe any mutations in the AtAGO10 loci of transgenic 
A. thaliana events with Sanger sequencing in T0 and T1 generation. Nevertheless, B. napus cv. 
Mozart was transformed with this vector system and we could detect mutations in the target loci 
for BnCRT1a and BnHVA22c with mutations in 22.7% in CRT1a and 35% in HVA22c events. Editing 
frequencies do not only rely on the specifications of the vector system but secondary factors as 
well, making it difficult to estimate a precise construct efficiency. One of those factors is the 
chromatin state of the target locus and genomic region. These target loci can differ in chromatin 
configuration affecting the binding and thus the editing efficiency of Cas9. DNA methylation does 
not directly impede binding and cleavage, but nucleosomes can completely block Cas9 access and 
thereby inhibit genome editing (Verkuijl and Rots, 2019). A potential source for the lack of 
mutations in Arabidopsis might be the transformation system flora dip combined with our 35s 
driven Cas9 nuclease. In similar approaches for genome editing in A. thaliana floral dip is the 
standard method to generate transgenic events. However, the 35s promoter is reported to have 
low efficiency in this system and can lead to chimeric plant because while it is only active from the 
two-cell stage of the embryo (Wang et al., 2015). A possible solution to overcome this problem 
was introduced by the same authors which is the exchange of the promoter with an egg cell-
specific promoter allowing a higher transcriptional activity in the one-cell stage of embryos. 
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Another factor could be a non-functional sgRNA which is difficult to exclude because even sgRNA 
with a high score in silico can vary significantly in vivo (Verkuijl and Rots, 2019). 
In summary, the vector system could induce mutations in B. napus with an average mutation rate 
of 22.7% (BnCRT1a) and 35% (BnHVA22c). Modifications by exchanging vector components may 
increase the editing efficiency but external factors, e.g. the chromatin state can have an enormous 
influence on editing efficiency. 
Hairy roots represent a fast and simple in vivo test system for sgRNA functionality and HDR 
based approaches 
Testing new vectors and expression cassettes in vivo is time-consuming and a stable 
transformation is needed to efficiently evaluate their function in the respective organism. 
Agrobacterium tumefaciens mediated transformation is often not suitable or very inefficient for 
crops and requires a lot of handling expertise for successful generation of transgenic events. 
Agrobacterium rhizogenes mediated transformation offers several advantages compared to A. 
tumefaciens e.g. a fast production of transgenic material, simple transformation, and less tissue 
specificity. In general, hairy roots transformation is used in many studies to produce a large 
amount of biomass for heterologous protein production which relies on the fast generation of 
transgenic tissue (Cardon et al. 2019). With regard to genome editing, this transformation system 
has another valuable application, the assessment of sgRNA functionality in vivo in the target crop. 
Despite many algorithms and design tools available the sgRNA functionality can differ immensely 
if in silico and in vivo results are compared (Verkuijl and Rots, 2019) and an in vivo test system is 
providing more reliable information. Establishing hairy roots as a test system for CRISPR with high 
mutation rates has been conducted successfully in similar approaches (Tab. 23).  
We utilised the hairy roots transformation method for B. napus as an efficient test system to 
provide fast results regarding the sgRNA functionality and for the HDR approach. Hypocotyls from 
in vitro grown seedlings of the cultivar Mozart were chosen as starting material, similar to other 
approaches (Tab. 23), and were transformed with our CRISPR/Cas9 expression cassette. Transgenic 
roots for DNA extraction could be obtained as fast as two weeks after transformation. Previous 
studies relied on sterile leaf discs as starting tissue for hairy roots transformation in B. napus 
(Coniglio et al., 2008; Angelini et al. 2011). In our case, hypocotyls were kept as starting tissue due 
to short cultivation time of seedlings. This system proved to be functional but only induced low 
mutation frequencies in hairy roots transformed with sgRNA HVA22c_2. In transgenic roots for the 
HDR based approach, a high percentage of 52% positive transgenic events for BnAGO1 and 56% 
for BnTAO1 could be achieved but unfortunately, no positive recombination events could be 
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observed. Further experiments have to be conducted to determine the factor that leads to low 
mutation rates and no positive HDR events. A possible factor could be an insufficient number of 
independent events or a non-functional sgRNA. To overcome the potential error of a non-
functional sgRNA from the start, two sgRNAs targeting the same locus were incorporated into the 
vector system, which did not lead to positive HDR events either.  
Table 23: CRISPR/Cas9 approaches utilising hairy roots transformation 
Organism Target gene Mutated events (%) Starting material Reference 
Glycine max L. 
Bar, GmFEI2 and 
GmSHR 
54 
Hypocotyl and 
cotyledonary node 
Cai et al., 
2015 
Glycine max L. 
GFP, MIR genes 
(miR1514 and miR1509) 
95 
Hypocotyl and 
cotyledonary node 
Jacobs et 
al., 2015 
Glycine max L. 
Glyma06g14180, 
Glyma08g02290 and 
Glyma12g37050 
14.7-20.2 
Hypocotyl and 
cotyledonary node 
Sun et al., 
2015 
Glycine max L. and 
Medicago truncatula 
GmGS1 and GmCHI20 
GUS (M. truncatula) 
NA Cotyledons 
Michno et 
al., 2015 
Glycine max L. 
GmPDS11 and 
GmPDS18 
12.5-48.1 
Hypocotyl and 
cotyledonary node 
Du et al., 
2016 
Solanum tuberosum St16DOX NA Shoots 
Nakayasu 
et al., 
2018 
Brassica carinata BcFLA1 NA Seedlings  
Kirchner 
et al., 
2017 
Cichorium intybus L. CiPDS 31.25 Leaves 
Bernard 
et al., 
2019 
 
In conclusion, hairy roots represent a fast and simple transformation system that applies to nearly 
all plant species and cultivars. A large number of transgenic independent events can be generated 
in a relatively short amount of time which makes this transformation system very attractive for 
sgRNA testing and HDR based approaches.   
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dCAPS assay screening and inheritance of mutations of CRISPR mutants    
Genome editing induces several possible genotypes where some events may be wild type due to 
either lack of sgRNA as well as Cas9 expression or a lack of efficient target cleavage. sgRNA 
performing well in in vitro cleavage assays have been reported to underperform under in vivo 
conditions suggesting that factors beyond target sequence have an impact on the mutation rate 
as has been shown in zebrafish (Uusi-Mäkelä et al., 2018). Heterochromatin can negatively 
influence the mutation rate by affecting Cas9 binding and functioning mainly through nucleosomes 
completely blocking the Cas9 protein from associating with the DNA (Verkuijl and Rots, 2018). 
These findings have a high impact taking into consideration that epigenetic factors differ in cell 
tissues. To genetically characterise CRISPR mutants, which may be homozygous or heterozygous 
for mutations at the target locus, several methods are available to verify desired edits. Mismatch-
cleavage assay or T7 Endonuclease I assay provides a semi-quantitative estimation of the 
percentage of mutated alleles and is based on the cleavage of DNA heteroduplexes caused by 
mutations. A disadvantage of this method is the possible insensitivity to SNPs and different 
efficiencies depending on the kind of mismatch (Guan et al., 2004). If considered and possible to 
implement during sgRNA design, restriction digestion is another method to detect mutations at 
the target loci. Mutations in the wild type genomic sequence alter the naturally present restriction 
enzyme site and undigested bands indicate potential mutations. This principle can be applied as 
well even if no recognition site is available at the target locus utilising dCAPS assay (Neff et al., 
1998). This marker implements a restriction enzyme site in the wild type PCR product through a 
mutated Primer allowing to estimate the mutation rate by restriction enzyme assay.  For final 
confirmation of potential mutations, sequencing of the target loci has to be carried out with Sanger 
sequencing, which allows a semi-quantitative assessment of mutation rate, or next-generation 
sequencing which allows a quantitative evaluation. 
Four independent T0 events for CRT1a and HVA22c with high mutation rates were chosen on the 
basis of dCAPS assay screening and confirmed by Sanger sequencing. The dCAPS screening and 
sequencing analysis had similar results but have to be combined to draw a realistic picture of 
mutated loci from transgenic events if the whole genome is not sequenced.  Interestingly, the 
HVA22c CRISPR mutants H7 and H8 showed a high mutation rate in the dCAPS assay but only 1-2 
mutation types were identified with Sanger sequencing so far. If those genotypes were only 
screened with Sanger sequencing, the mutation rate might have been underestimated and the 
genotypes may not have been selected for further experiments. Ultimately, the CRT1a CRISPR 
mutants C1, C2, C3 and C4 as well as the HVA22c CRISPR mutants H7, H8, H12 and H 15 were 
93 
 
 
 
chosen for further propagation by self-pollination. Twenty plants of the progeny from each T0 
event were screened with dCAPS assay to select three T1 individuals with the highest mutation 
rates for self-pollination and generation of T2 populations. The mutation rate did not increase 
significantly and several of the induced mutations were stably inherited from the T0 to the T2 
generation. A crucial factor for a high mutation rate seems to be the duration of the callus phase 
in vitro and extending this phase significantly increased the mutation rates in transformed rice 
tissue (Mikami et al. 2015). 
 
The Knockout/mutation of CRT1a and HVA22c confers less susceptibility to Brassica napus 
against Verticillium longisporum infection 
Potential candidate genes or susceptibility factors involved in plant-pathogen interaction of fungi 
and plants have been previously described and already been targeted by CRISPR/Cas9. An example 
is the increased resistance of grapevine against Botrytis cinerea caused by a knockout of the 
VvWRKY52 transcription factor (Wang et al., 2018). The resistance of homozygous mutated 
genotypes and wild type plants against B. cinerea was compared and CRISPR mutants showed up 
to 20% less spreading lesions while the general phenotype did not differ from the wild type, 
increasing the applicability of this source of resistance. Another example for resistance generation 
by knockout of susceptibility factors focussing on fungal pathogens was conducted in rice 
conferring an increased resistance against Magnaporthe oryzae by disrupting the OsERF922 and 
OsSEC3A genes (Wang et al., 2016; Ma et al., 2018). The mechanism behind this resistance 
originated in a disruption of a putative subunit of a complex involved in exocytosis resulting in high 
levels of salicylic acid content upregulation of pathogenesis- and SA-related genes. Unfortunately, 
this resulted in a dwarf phenotype which is an agronomic trade-off often observed in plants with 
increased pathogen resistance and makes this target less attractive (Ma et al., 2018). An approach 
to increase fungal resistance against Sclerotinia sclerotiorum in Brassica napus is the only 
application of genome editing in OSR to confer resistance against a fungal pathogen so far. 
WRKY70 is involved in multiple processes such as leaf senescence (Besseau et al., 2012), BR 
signalling processes (Chen et al., 2017) and participates in plant immune processes in A. thaliana 
(Zhou et al., 2018). Mutation of the six BnWRKY70 loci via CRISPR/Cas9 increased resistance to 
Sclerotinia sclerotiorum and less severe infection was observed (Sun et al., 2018).  
The candidate genes CRT1a and HVA22c are assumed to play a role in the early stages of the 
infection with V. longisporum in B. napus which were identified in earlier experiments (Häder, 
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2013). Their homologues in B. napus were identified by a database search at Genescope revealing 
four distinct CRT1a, from which only two (BnaA09g15400D and BnaC09g16150D) were taken into 
consideration because of missing sequence data, and four HVA22c loci. sgRNAs for each candidate 
gene were designed and transgenic events generated. The T2 populations of selected CRISPR 
mutants showed less susceptibility against V. longisporum Vl43 infection under greenhouse 
conditions compared to the wild type Mozart. The AUDPC, growth depression and fungal DNA 
content in petioles were measured and showed uniform results suggesting a less susceptibility of 
CRT1a and HVA22c CRISPR mutants. These findings are in consent with results from previous 
experiments with T-DNA knockout lines from A. thaliana and TILLING mutants from B. napus. 
Interestingly, the combination of mutated and wild type alleles for CRT1a seems to be modulating 
the resistance strength. For a complete picture of the mutation pattern and potential off-target 
mutations, selected CRISPR mutants of CRT1a and HVA22c have to be fully sequenced. Sanger 
sequence as the only sequencing method can never deliver information about all loci 
simultaneously and only for semi-quantitative detection is possible.   
The role of BnCRT1a and HVA22c as susceptibility factors could be proven in these experiments 
but the exact mutation rate of all alleles has to be further determined. Apparently, even 
heterozygous mutated genotypes have less susceptibility against Vl43 infection and can provide a 
novel genetic source for resistance breeding.  
 
The involvement of CRT1a and HVA22c in B. napus- V. longisporum interaction remains unclear   
Calreticulins were initially described in rabbit skeletal muscle sarcoplasmic reticulum where they 
serve as a Ca2+ binding protein (Ostwald and MacLennan, 1974). Members of this gene family were 
first isolated from spinach and tobacco in plants (Menegazzi et al., 1993, Denecke et al., 1995).  
CRT1a is expressed in all tissues due to its involvement in fundamental biological processes related 
to protein folding but has a higher expression rate in flowers, root tips and vascular tissue 
(Christensen et al., 2008). They may have a similar protein function in plants and animals due to 
their high structural similarities in both kingdoms (Coppolino and Dedhar, 1998). CRTs contain 
three different domains an N-terminal globular domain with chaperone function, a central proline-
rich domain for high-affinity Ca2+ binding and a C-terminal acidic domain responsible for Ca2+ 
buffering with a KDEL ER retention signal (Sarwat and Tuteja, 2017). It was shown that AtCRT1a 
could substitute the function of animal CRTs which strengthens the hypothesis of similar protein 
function in plants and animals (Christensen et al., 2008). Major functions of this protein in plants 
95 
 
 
 
are the Ca2+ homeostasis and protein folding in the ER and Golgi apparatus (Borisjuk et al., 1998; 
Persson et al., 2001; Wyatt et al., 2002). Studies to identify members of the CRT gene family in A. 
thaliana could reveal the existence of three genes CRT1a, CRT1b and CRT3 (Coppolino and Dedhar, 
1998) and it appears that isoforms have different functions but can compensate each other if 
single isoforms are not functional for CRT1a and CRT1b (Christensen et al., 2010; Kim et al., 2013). 
The role of CRT1a as a susceptibility factor could be explained by the potential function of CRT1a 
in protein folding or posttranslational modification. Thus, it can be assumed that a loss of function 
in CRTs may also result in a misfolding and degradation of other yet unknown susceptibility factors 
to have an opposite and beneficial effect. Another potential mode of action could be the affection 
of a negative regulator in the ethylene (ET) signalling pathway by CRTs. 
HVA22c was first identified in the aleurone layer of barley (Shen et al., 1993) and is present in 
eukaryotes such as plants, fungi and human. This gene is expressed in different plant tissues being 
inducible by abiotic stress (salinity, water deprivation) or ABA and is localised in the cell membrane 
and plasmodesma (Guo et al., 2008, Fernandez-Calvino et al., 2011). In A. thaliana five homologues 
were identified referred to as AtHVA22a, AtHVA22b, AtHVA22c, AtHVA22d and AtHVA22e, which 
under stress conditions or ABA treatment showed differential expression (Chen et al., 2002). In 
citrus, six members of the HVA family could be identified and the genes CsHVA22b and CsHVA22c 
showed a similar expression pattern in all tissues at a lower intensity for CsHVA22b indicating that 
compensating effect by other members of the gene family may be possible (Ferreira et al., 2019). 
HVA proteins contain casein kinase II phosphorylation sites and two of these are conserved in 
several homologues (Shen et al., 2001). In aleurone cells of barley, HVA22 inhibited vesicular 
trafficking, programmed cell death and negatively regulated vacuolization (Guo et al., 2008). 
Involvement in vesicular traffic could be proven in citrus by the YOP1/TB2/DP1/HVA22 region in 
HVA homologues which are associated with the regulation of vesicular traffic (Ferreira et al., 2019). 
Alteration of the vesicle transport by disruption of HVA22c which may be hijacked by the fungus 
to enhance its nutrient uptake could lead to a decreased nutrient supply for the fungus leading to 
ineffective colonisation of the host. 
To evaluate the involvement of the susceptibility factors BnCRT1a and BnHVA22c in defence 
responses and related hormone pathways, in vitro grown seedling of knockout mutants for both 
genes were infected with V. longisporum. Gene expression analysis has been conducted with root 
samples that were harvested at 6 dpi with Vl43.  Two marker genes for ethylene, jasmonic and 
salicylic acid pathways were normalized to PP2A and Actin expression. For ethylene, the marker 
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genes ACO1 and ETR2 showed increased expression in infected roots at six dpi. In roots of non-
infected BnCRT1a CRISPR mutants, with the highest resistance against V. longisporum infection, 
the ET responsive marker gene ETR2 was upregulated indicative of a potential constitutively 
activated ET signalling pathway. However, other marker genes of this signalling pathway were not 
upregulated. This might impede an infection which is in consent with similar fungal pathosystems 
(Okubara and Paulitz, 2005). The molecular contribution of ET towards plant defence in this 
interaction could be related to observations that V. dahliae degrades the precursor ACC to increase 
its virulence, while pre-treatments reduced symptoms in S. lycopersicum (Tsolakidou et al., 2019). 
For HVA22c CRISPR mutants, an upregulation of the ET marker gene ETR2 could be observed in 
non-infected roots of BnHVA22c CRISPR mutants in a similar manner to the BnCRT1a CRISPR 
mutants. The salicylic acid marker genes PR1 and WRKY70 were upregulated by the infection as 
well and showed no significant difference in expression strength to the wild type. Marker genes 
for the jasmonic acid pathway PDF1.2 and LOX3 did not vary significantly in their expression profile 
among the inoculated and control plants either. These findings are in consistence with related 
experiments in B. napus which showed similar expression profiles (Behrens, 2018) and 
experiments in A. thaliana (Kamble et al., 2013). Unfortunately, no new information related to the 
involvement of CRT1a and HVA22c in the early stages of infection could be obtained. Therefore, 
we tested an additional set of potential interaction partner which might help to shed some light 
on the function. For CRT1a such partners are CNX1 (AT5G61790.1) with similar function to CRT1a 
or protein disulfide isomerase-like (PDIL) genes family especially PDIL 1-1 (AT1G21750.19) because 
of their co-regulation in A. thaliana. For HVA22c the only experimentally confirmed interaction 
partner is the root hair defective 3 GTP-binding protein (RHD3) (AT3G13870.1) (Schuldiner et al., 
2005). Other potential interaction partners are not annotated or just hypothetical interaction 
partners.  Unfortunately, those candidate genes did not vary in their expression profile compared 
to the wild type revealing no novel interaction partners. 
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Figure 39: Model of the compatible B. napus- V. longisporum interaction. CRT1a and HVA22c represent the 
susceptibility factors hijacked by the fungus with effectors (VL1 and VL2) for the successful colonization of the host. 
CRT1a and HVA22c may affect a negative regulator in the ethylene (ET) signalling pathway, thus modulating defence 
responses. In addition to the defence-related influence of those genes, an involvement of CRT1a in protein folding 
and HVA22c in vesicular transport can be suggested. In the absence of those genes, these biological processes may 
not be targetable by the fungus. 
 
Establishment of viral CRISPR expression vectors for HDR application in Brassica napus 
The application of CRISPR/Cas in crops remains challenging due to the complex nature of their 
genomes and often low transformation efficiency. Even among different tissues, editing efficiency 
can vary significantly (Char et al., 2017). Highly efficient CRISPR systems are needed to compensate 
for those negative factors on successful mutation induction. Especially in regard to HDR based 
approaches, a high mutation rate is required. An additional bottleneck for this repair mechanism 
is the spatially and temporally availability of repair templates when DSBs are induced (Čermák et 
al., 2015). For this purpose, the genome of geminiviruses has been modified as an expression 
vector in dicotyledonous plants (Baltes et al.,2014). This system was first applied in Nicotiana 
benthamiana and has not been tested in Brassica napus yet. The utilisation of our Cas9 expression 
cassette in combination with viral replicons in B. napus should allow a higher chance of positive 
HDR events and may enable seamless genome editing. In the past, the role of protein effectors 
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that were delivered to the host cells to suppress critical cellular functions and impede a defence 
response were the primary focus in plant-pathogen interactions (Hilbi et al., 2012; Rafiqi et al., 
2012). However, in recent studies, it was demonstrated that sRNAs derived from pathogens can 
function as effectors as well and a regulation by exogenous miRNAs to manipulate host-pathogen 
interactions is possible (Weiberg et al., 2013; Wang et al., 2016). Pathogen-derived sRNAs can 
hijack the host RNAi pathway and suppress plant immunity. This cross-kingdom interaction can 
also be directed towards the pathogen as a target of exogenous plant miRNAs. In a comprehensive 
study of the role of RNA silencing during the infection of cotton with the fungal pathogen V. dahliae 
Kleb. two specific miRNAs (miR159 and miR166) were identified, which are exported into the 
fungal hyphae (Zhang et al., 2016). Those miRNAs were targeting the isotrichodermin C-15 
hydroxylase (HiC-15) and Ca2+-dependent cysteine protease (Clp-1) mRNAs thereby decreasing 
the virulence of the fungus.  
In previous studies, the miRNAs miR168 and miR1885 were identified that target BnAGO1 and TNL 
immune receptor transcripts (BnTAO1) (Shen et al., 2014). This results in the transcriptional 
modulation of host genes in favour of the pathogen. The miRNA binding sites were identified and 
HDR offers the opportunity to disrupt the interaction of exogenous fungal miRNAs with those 
genes by altering the nucleotide sequence without changing the protein sequence. This should 
lead to increased resistance against the pathogen without potential negative side effects that 
could be caused by a gene knock out. For this approach, two vector systems were utilized to enable 
HDR. The first system consisted of the codon-optimized Cas9, sgRNA targeting the miRNA binding 
site and repair template multimers. Those multimers are supposed to be cut out of the vector 
sequence by the same sgRNA that cuts the target locus being available for homology-directed 
repair (Schiml et al., 2014). This system was applied for the gene AGO1 in A. thaliana but we could 
not detect positive HDR events after selection for positive transgenic events. Potential sources of 
error with this vector system may be an insufficient number of repair templates because only 4 
repeats could be inserted into the vector. A higher number of templates would be difficult to 
achieve due to a complicate cloning procedure. Another factor could be the cut of templates and 
target locus at the same time to trigger HDR which lead to no positive HDR events. 
The second vector system was based on the Cas9 expression cloned into the disarmed viral 
genome of the Bean Yellow Dwarf Virus (BeYDV) (Baltes et al., 2014). BeYDV based vectors were 
successfully applied in several crop species like potato (Butler et al., 2016), tomato (Cermák et al., 
2015; Dahan-Meier et al., 2018), rice (Wang et al., 2017) and wheat (Gil-Humanes et al., 2017). 
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One example of those applications is a proof of concept study in which viral replicons were used 
to insert a 35s promoter upstream of the ANT1 responsible for anthocyanin production (Cermák 
et al., 2015). In this study, HDR frequencies 12-fold higher than with standard T-DNA delivery could 
be achieved. The viral vector was not tested in Brassicaceae species at the time the experiments 
were conducted. In addition, no HDR based approaches have been reported so far and only NHEJ 
based approaches for gene knockout were conducted in B. napus (Braatz et al., 2017; Yang et 
al.,2017; Sun et al., 2018; Okuzaki et al., 2018; Zhai et al., 2019). sgRNAs targeting miRNA binding 
sites in the genes BnAGO1 (miR168) and BnTAO1 (miR1885a), as well as repair templates 
harbouring silent mutations at those binding sites, were incorporated into the viral vector. The 
viral constructs were successfully transformed into B. napus hairy roots and processed correctly in 
vivo, indicated by the presence of double-stranded intermediates of the viral genome. 
Unfortunately, no positive HDR events could be observed via PCR screening and this system as well 
and further optimisation is required.  
Although Gemini viral replicons enable high rates of HDR events (rates of up to 25% could be 
achieved in tomato; Dahan-Meir et al., 2018), selection of positive HDR events remains challenging 
and a high number of transgenic events is still needed. In this study around 50 independent events 
for both target genes, BnAGO1 and BnTAO1 were generated with hairy roots. This number may 
have been too low due to the more realistic percentual HDR event numbers about 5% in Nicotiana 
tabacum and Triticum aestivum (Baltes et al., 2015; Gil-Humanes et al., 2017).  Another factor 
affecting the HDR efficiency with viral replicons may have been the transformation system. The 
previously mentioned studies used stable A. tumefaciens mediated transformation for the 
generation of transgenic events. In this study, we used A. rhizogenes for the transformation of B. 
napus. In conventional A. tumefaciens transformation tissues are cultured on media with 
hormones promoting callus formation and high cell proliferation. This constant state of high cell 
activity promotes viral DNA replication and transcriptional activity (Liu et al., 1999). Hairy roots do 
not have this constant callus state and this may lower the overall transcript and template number 
of viral replicons. The last factor which may negatively influence the HDR efficiency is the host 
range of the BeYDV. Although a successful infection of A. thaliana was possible with the wild type 
form of the virus (Liu et al.,1997) modern studies only used its modified genome in experiments 
with Solanaceae species (Baltes et al., 2014; Butler et al., 2015; Cermack et al., 2015). An 
alternative to the BeYDV system could be a vector system based on the Cabbage Leaf Curl Virus 
(CaLCuV) which may be better suited for A. thaliana and B. napus as host. 
100 
 
 
However, the experiments showed that the virus vector is functional and processed in B. napus. 
Adaptions regarding the transformation system and a change towards an A. tumefaciens based 
approach could improve the efficiency of the system and lead to positive events. In combination 
with a prolonged callus stage higher HDR rates should be possible.  
 
Application and potential of the CRISPR/Cas9-based genome editing in plant breeding  
The application of CRISPR/Cas9 in plant breeding can broaden the gene pool to achieve different 
goals such as increasing yields, quality improvement or abiotic and biotic stress resistance. The 
focus of this thesis is on the improvement of biotic stress resistance of OSR caused by the fungal 
pathogen Verticillium longisporum. Applying this approach to increase the resistance of a crop 
against a certain pathogen requires precise knowledge of plant-pathogen interactions. This 
information can be obtained e.g. by comparative expression profiling to identify potential 
candidate genes that are probably involved in the plant-pathogen interaction as susceptibility 
factors. Those genes that are required by the pathogen to successfully infect the host can then be 
knocked out to impede an infection. This can simply be achieved by inducing DSBs in the target 
gene via CRISPR/Cas9 and imperfect repair by NHEJ which potentially leads to a frame-shift in the 
ORF of the target gene resulting in loss of function. This might have potentially negative effects on 
yield, which cannot be excluded when susceptibility factors are simply knocked-out.  
Another approach is the modification of miRNA binding sites in genes targeted by the pathogen.  
Modified repair templates leaving the gene function intact can be introduced into the target 
genome via HDR and offer a way to avoid potential negative effects on plant physiology or yield. 
However, HDR-mediated gene editing is very challenging because it requires simultaneous 
induction of DSBs and the presence of repair templates.  A probable negative aspect of this 
technology are potential off-target mutations caused by the nuclease in loci that have similar 
nucleotide sequences. In human cells, CRISPR/Cas9 has a high off-target potential (Fu et al., 2013) 
but this may not be the case in plants which was demonstrated by whole-genome sequencing for 
off-target mutations (Feng et al. 2014). However, off-target mutations are mostly occurring in 
paralogues with almost identical sequences (Li et al., 2018). Nevertheless, compared to undirected 
EMS mutagenesis where an immense amount of off-target mutations is induced, the few potential 
CRISPR/Cas9 induced off-target mutations are mostly predictable and plant breeders can handle 
them easily. 
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The declaration of CRISPR/Cas9 engineered plants as GMOs due to stably transformed 
intermediate stages, negatively influences the applicability of CRISPR/Cas9 for breeding even if the 
transgene is crossed out and only the induced mutations are remaining in the genome. This is an 
issue in countries such as the European Union, which rely on process-based regulation of GMOs 
(The Council of the European Communities, 1990a, b). The applicability of CRISPR/Cas generated 
crops massively decreases for farmers due to the cultivation regulations of GMOs. A DNA-free 
approach to obviate this regulation is the delivery of ribonucleoproteins (RNPs) into the plant cells 
via protoplast transfection (Zhang et al., 2016). Cells and regenerated plants engineered with this 
technique are not considered transgenic according to the regulation of the European Union that 
GMOs are characterized by a stable transgenic intermediate state. Modern genome editing 
approaches offer great opportunities for replacement of single alleles to increase biotic stress 
resistance or even gene insertions.  Genome editing via HDR is most attractive but this method 
still has a very low success rate. Gene replacement via NHEJ is another strategy to insert or replace 
specific gene fragments in between two introns which might be more applicable for the integration 
in breeding processes due to a higher success rate. This strategy utilizes a set of sgRNAs targeting 
introns up- und downstream of the fragment of interest in combination with a donor repair 
template (Li et al., 2016). Integration of the repair template does not require homologous ends 
and is incorporated into the target site during NHEJ. With this strategy, alleles can be modified to 
e.g. generate resistant alleles. CRISPR/Cas offers versatile toolkit and strategies to modify the 
genome of target organisms to improve or confer new traits and will play an important role in 
future breeding approaches. We could successfully establish the implementation of this 
technology in resistance breeding by knocking out the susceptibility factors CRT1a and HVA22c in 
Brassica napus to increase the resistance against the biotrophic fungal pathogen Verticillium 
longisporum. 
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Supplementary data  
 
Table 24: sgRNA targets for NHEJ and HDR based genome editing obtained from CRISPR RGEN Tools. MM 
=Mismatches to the original target sequence. 
Target gene Guide sequence PAM Direction 1 MMs 2 MMs 3 MMs 
NHEJ 
AtAGO10 TAGCCGGAGGAGAAACCGTGG TGG + 0 0 0 
BnCRT1a AGAATCAGAGAGATGAAGTT NGG - 0 0 5 
BnHVA22c_1 GGTAGACGAGAGCAACCAA TGG - 0 0 0 
BnHVA22c_2 TGGAGAAAATGAGTTCGAAG AGG - 0 0 0 
StTXR1 CCCAGGCATATCGCCAAGCTCTC TTTG + 0 0 0 
StCESA3 GGTCAAGTCTGTCAGATCTG TGG + 0 0 0 
HDR 
AtAGO1 GAGGTAGCTTGATGCAGCTC GGG + 0 0 1 
BnAGO1 GAGGTAGCTTGATGCAGCTC GGG +/- 2 0 2 
BnTAO1_A_1 GTTGACAACGAGATCAAGCG AGG - 0 2 2 
BnTAO1_A_2 TTGATCTCGTTGTCAACGAA AGG + 0 0 1 
 
 
 
Figure 40 : Gene structure of candidate genes and localisation of sgRNAs. 
 
Table 25: Potential off-target sequences of sgRNAs for the respective candidate genes (Only targets up to 3 
mismatches were included). 
Target Gene Chr. Position Dir. MMs 
AtAgo10 
TAGCCGGAGGAGAAACCGTGGTGG AGO10 (AT5G43810) 5 17612132 + 0 
StTXR1 
TTTGCCCAGGCATATCGCCAAGCTCTC TXR1 4.03ch06 50458133 + 0 
StCesa3 
GGTCAAGTCTGTCAGATCTGTGG CESA3 (NM_001288363.1) 4.03ch01 65772351 + 0 
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Table 26: Plasmids cloned in this study for the NHEJ approach with information about promoter, nuclease and sgRNA 
target 
Plasmid name Promoter Nuclease sgRNA target Backbone 
BS_03 35s Cpf1 - pUC57 
BS_04 35s (A. thaliana codon optimized) AtAgo10 pGWB401 
BS_05 Ubq10 (A. thaliana codon optimized) AtAgo10 pGWB401 
BS_11 35s Cpf1 StTXR1 pGWB401 
BS_12 35s 
Cas9 (B. napus codon 
optimized) 
StCesa3 
pGWB401 
 
In addition to the original vector with a CaMV 35s promoter, we exchanged the promoter with 
AtUBQ10 in our expression cassette. The Ubq10 promoter was utilized to decrease the potential 
amount of chimeric plants in A. thaliana since the 35s promoter is only active beginning from the 
two-cell stage and thus can cause chimeric plants (Wang et al., 2015). The promoter was amplified 
with Phusion Polymerase from gDNA of A. thaliana cv. Col-0 and adapter sequences for a NEBuilder 
reaction were added in a second PCR. For the NEBuilder reaction, our basic construct (BS_01) was 
cut with the restriction enzymes PstI and AsiSI to remove the CaMV 35s promoter from the 
expression cassette. The NEBuilder assembly reaction was set up according to protocol and 
transformed into competent E. coli strain DH5α cells via heat shock transformation. Colonies were 
checked with colony PCR for positive clones containing the AtUbi10 promoter. Plasmids from 
positive clones were isolated and sequenced (IKMB, Kiel). Sequencing data showed that the 
plasmid was assembled correctly, but the promoter sequence had one SNP compared to the 
database sequence file. The correct processing of the vector was proven with the previous 
experiments and as a last step, the protein and sgRNA function were verified in transformation 
experiments with genotyping of respective loci.  
To broaden the range of potential target sites a system based on the nuclease Cpf1 was established 
as well. For this purpose, a crRNA for the potential susceptibility factor StTXR1 was derived and 
the system was tested in Solanum tuberosum. The CDS for this nuclease was synthesized and 
delivered within a pUC57 based vector backbone (Eurofins Genomics) which also served as a 
template for a PCR adding adapter sequences for a NEBuilder reaction. The original construct was 
cut with the restriction enzymes MluI and PacI to remove the CDS for Cas9 and allow the assembly 
with NEBuilder. Sequencing data showed that the plasmid was assembled correctly and thus could 
be used in further studies as an addition to the Cas9 expression cassette. 
129 
 
 
 
The functionality of the Cpf1 was tested in Solanum tuberosum due to the fast generation of stable 
transgenic events and to establish a second test system for sgRNAs and vector modifications. 26 
independent events for the sgRNA targeting StTXR1 could be obtained and gDNA was isolated. The 
TXR1 locus was amplified to conduct a fast screening for potential mutations with RE digestion. 
Unfortunately, no mutations could be detected with this assay resulting from the fact that all 
bands were digested completely (Fig. 41). No further tests were conducted with Cpf1 because it 
was not the primary goal of this work and our Cas9 based vector seemed to be working well. 
 
Figure 41: RE-Assay of StTXR1 locus for mutation screening. The sgRNA target locus was amplified from different 
transgenic plants from Solanum tuberosum transformed with BS_11. PCR products were incubated with restriction 
enzyme AluI to screen for potential mutations. The wild type locus (WT) was completely digested and the undigested 
wild type PCR product served as a reference for undigested bands (UD). No events with undigested PCR product could 
be observed suggesting that no mutations occurred in the respective genomes.  
 
The constructs BS_04 and BS_05 were transformed in A. thaliana via floral Dip for first tests of 
vector functionality. Transgenic plants were selected on MS plates and DNA of plants which 
appeared Kanamycin resistant was isolated. PCRs with Cas9 specific Primer were conducted and 
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positive transgenic events selected. If plants were positive for the Cas9 PCR fragment a second 
PCR to amplify the AtAgo10 locus was performed. The PCR product was cloned into T-vector to 
enable the sequencing of single alleles.  
For each of the two constructs, six independent T0 transgenic plants were chosen and two colonies 
of each plant were sequenced. Unfortunately, no mutations could be observed in the target loci. 
Because we could not find any mutations in the T0 generation, we sequenced the progeny to check 
whether mutations are induced in later generations. Eight individual T1 plants, positive for the 
Cas9 PCR fragment, were selected and the AtAgo10 loci amplified and cloned into T-vector. Two 
colonies of each genotype were sequenced. The progeny showed no mutations at the target loci 
either (Tab. 27). The lack of mutations at the target loci in AtAgo10 could have had several reasons 
which include a non-functional Cas9 or sgRNA and/or an unsuitable transformation system. 
Table 27: Sequencing results for A. thaliana CRISPR/Cas mutants for the constructs BS_04 and BS_05 
T0 
WT TCGTAGCCGGAGGAGAAACCGTGGTGGAAG  
6X BS_04 TCGTAGCCGGAGGAGAAACCGTGGTGGAAG No mutation 
6X BS_05 TCGTAGCCGGAGGAGAAACCGTGGTGGAAG No mutation 
T1 
16x BS_04 TCGTAGCCGGAGGAGAAACCGTGGTGGAAG No mutation 
16x BS_05 TCGTAGCCGGAGGAGAAACCGTGGTGGAAG No mutation 
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Zusammenfassung 
Die moderne Landwirtschaft verlangt nach innovativen Techniken, um etablierte Strategien in der 
Zucht voranzutreiben. Traditionelle Ansätze haben ihre Grenzen und basieren vor allem auf der 
Verfügbarkeit eines breiten genetischen Spektrums und der Auswahl von geeigneten Genotypen 
zur Verbesserung der gewünschten Eigenschaften. Eines dieser Merkmale ist die Verbesserung der 
Resistenz gegen biotischen Stress oder Krankheitserreger. Um dieses Ziel bei Kulturpflanzen mit 
einer schmalen genetischen Basis wie z.B. Brassica napus zu erreichen, bedarf es neuer Strategien. 
Ein Beispiel hierfür ist die Störung von Pflanzenfaktoren, die vom Erreger für die erfolgreiche 
Kolonisierung des Wirtes benötigt werden (Suszeptibilitätsfaktoren). Die Verticilliumwelke wird 
durch den bodenbürtigen und hemi-biotrophen Pilz Verticillium longisporum verursacht und 
dieser ist eine der häufigsten Pilzerkrankungen im Rapsanbau. Die Krankheit führt zu einer 
vorzeitigen Reifung und kann zu erheblichen Ertragseinbußen führen. Die Methoden für das 
Disease Management sind sehr begrenzt. Gegenmaßnahmen setzen vor allem auf Bodenhygiene 
oder Präventionsstrategien zur Verringerung der Anzahl der Sporen im Boden. Die genetischen 
Ressourcen für die Resistenzzüchtung sind limitiert und es wurde bisher keine echte Resistenz 
entdeckt. Suszeptibilitätsfaktoren in Verbindung mit der Genom-Modifikation basierend auf 
CRISPR/Cas9 kann als Quelle zur Erzeugung von rezessiver Resistenz genutzt werden. CRISPR/Cas9 
ist das vielversprechendste System für die gezielte Mutagenese mit dem Vorteil der einfachen 
Assemblierung, Verwendung und des Multiplexen. Die Ausschaltung der Zielgene wird durch die 
Induktion kleiner InDels ermöglicht, die durch non homologous end joining (NHEJ) nach einem 
Doppelstrangbruch im Zielort verursacht werden. Ein weiterer Ansatz, der durch diese Technologie 
ermöglicht wird, ist die Einführung einer Reparaturvorlage für homology directed repair (HDR), 
welche es ermöglicht die Nukleotidsequenz nach Wunsch zu verändern ohne die Genfunktion zu 
stören. In dieser Studie adaptieren wir mehrere Vektorsysteme, die verschiedene Nukleasen und 
Promotoren für die Anwendung in Brassica napus enthalten. Nach erfolgreicher Etablierung 
unserer Expressionskassetten liegt der Fokus auf dem Knockout der Kandidatengene BnCRT1a und 
BnHVA22c, die an der V. longisporum -B. napus Interaktion beteiligt sind. Loss-of-function 
Genotypen für die Gene BnCRT1a und BnHVA22c wurden generiert und mit V. longisporum 
infiziert. Zusätzlich zu diesem NHEJ-Ansatz sollen miRNA-Bindungsstellen von pilzlichen miRNAs 
im Wirtsgenom mittels HDR-Ansatzes verändert werden, ohne die Funktion für die Gene BnAGO1 
und BnTAO1 zu beeinträchtigen. Zu diesem Zweck wurde das virale Genom des Bean Yellow Dwarf 
Virus für die Verwendung in B. napus hairy roots angepasst. Zusammenfassend lässt sich sagen, 
dass alle Loss-of-function Genotypen eine stark reduzierte Ausprägung der Symptome und 
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Wachstumshemmung zeigten. Diese Ergebnisse unterstreichen unsere Arbeitshypothese, dass 
CRT1a und HVA22c die Resistenz gegen V. longisporum in ihrem mutierten Zustand hervorrufen 
können. Die darauffolgenden Experimente beschäftigten sich mit der Funktionsweise dieser Gene 
in Pflanzen. Leider konnten dabei keine signifikanten Unterschiede im Expressionsprofil der 
Markergene für molekulare und physiologische Prozesse zwischen den Mutanten und Wildtyp 
festgestellt wurden. Lediglich das Ethylen-Markergen ETR2 zeigte eine erhöhte Expression in 
Knockout Genotypen im nicht infizierten Zustand, dies steht in Einklang mit Expressionsdaten aus 
A. thaliana. Auch die Analyse der co-regulierten Gene, welche eine mögliche Rolle in der 
Proteinfaltung / ER-Stress (für CRT1a) oder dem Vesikeltansport / Calloseverschluß der 
Plasmodesmata (für HVA22c) spielen, zeigte keinen Unterschied zwischen Mutanten und dem 
Wildtyp. Die Vektorsysteme für den HDR-basierten Ansatz wurden ebenfalls erfolgreich 
implementiert und virale Replicons des Bean Yellow Dwarf Virus konnten innerhalb der Zelle 
nachgewiesen werden. Die miRNA-Bindestellen in den Genen BnAGO1 und BnTAO1, die von V. 
longisporum genutzt werden, waren das Ziel unseres HDR-Ansatzes. Es konnten keine positiven 
HDR-Ereignisse identifiziert werden, welche einen Sequenzaustausch belegen. Insgesamt zeigte 
diese Arbeit, dass die Anwendung von CRISPR/Cas in Kombination Suszeptibilitätsfaktoren eine 
wertvolle Strategie zur Erzeugung der rezessiven Resistenzen gegen Krankheitserreger darstellt. 
Sie kann in Zukunft besonders für Kulturpflanzen mit limitierten genetischen Ressourcen sinnvoll 
in bestehende Zuchtmethodik integriert werden. 
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Summary 
Modern agriculture requires innovative techniques to advance established strategies in breeding. 
Traditional approaches have their limitations and are primarily based on the availability of a broad 
genetic spectrum and the selection of suitable genotypes to improve the desired characteristics. 
One of these characteristics is the improvement of resistance to biotic stresses or pathogens. In 
order to achieve this goal in crops with a narrow genetic base such as Brassica napus new 
strategies are required. An example for this is the disruption of plant factors that are required by 
the pathogen for a successful colonization of the host (susceptibility factors). Verticillium wilt is 
caused by the soil-borne and hemi-biotrophic fungus Verticillium longisporum, which is one of the 
most common fungal diseases in rapeseed cultivation. The disease leads to premature ripening 
and can cause considerable yield losses. The methods for disease management are very limited. 
Countermeasures are mainly based on soil hygiene or prevention strategies to reduce the number 
of spores in the soil. The genetic resources for resistance breeding are limited and no real 
resistance has been discovered so far. Susceptibility factors in combination with genome 
modification based on CRISPR/Cas9 can be used as a source of recessive resistance. CRISPR/Cas9 
is the most promising system for targeted mutagenesis with the advantage of easy assembly and 
use as well as multiplexing. The knockout of target genes is possible by the induction of small InDels 
caused by non-homologous end joining (NHEJ) after a double-strand break in the target site. 
Another approach possible through this technology is the introduction of a repair template for 
homology directed repair (HDR), which allows the nucleotide sequence to be altered without 
disrupting the gene function. In this study we adapt several vector systems containing different 
nucleases and promoters for application in Brassica napus. After successful establishment of our 
expression cassettes, the focus relied on the knockout of the candidate genes BnCRT1a and 
BnHVA22c, which are involved in the V. longisporum -B. napus interaction. Loss-of-function 
genotypes for the genes BnCRT1a and BnHVA22c were generated and infected with V. 
longisporum. In addition to this NHEJ approach, miRNA binding sites of fungal miRNAs in the host 
genome are modified using the HDR approach without affecting the function for the genes 
BnAGO1 and BnTAO1. For this purpose, the viral genome of the Bean Yellow Dwarf Virus was 
adapted for use in B. napus hairy roots. In summary, all loss-of-function genotypes showed a 
greatly reduced expression of symptoms and growth inhibition. These results support our working 
hypothesis that CRT1a and HVA22c may induce resistance to V. longisporum in their mutated state. 
Following experiments focused on the function of these genes in plants. Unfortunately, no 
significant differences in the expression profile of marker genes for molecular and physiological 
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processes between mutants and wild type were found. Only the ethylene marker gene ETR2 
showed increased expression in knockout genotypes in the uninfected state, which is consistent 
with expression data from A. thaliana. The analysis of co-regulated genes, which play a possible 
role in protein folding / ER stress (for CRT1a) or vesicle transport / callose closure of 
plasmodesmata (for HVA22c), showed no difference between mutants and the wild type as well. 
The vector systems for the HDR-based approach were successfully implemented and viral replicons 
of the Bean Yellow Dwarf Virus could be detected within the cell. The miRNA binding sites in the 
genes BnAGO1 and BnTAO1, which are used by V. longisporum, were the target of our HDR 
approach. No positive HDR events could be identified that would be indicated by a sequence 
exchange. Overall, this work showed that the use of CRISPR/Cas in combination with susceptibility 
factors is a valuable strategy for generating recessive resistance to pathogens. In the future, this 
tool can be integrated into existing breeding methods, especially for crops with limited genetic 
resources. 
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